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Preface

The area covered by this book undoubtedly includes a multidisciplinary approach. It com‐
bines and uses the wide range of methods and knowledge from a variety of disciplines in
chemistry, pharmacology, and biology to synthesize new or extracted natural substances
and their characterization, in terms of bioefficiency in different systems, pharmacokinetics,
and pharmacodynamics. Importance is placed on revealing the interactions and effects on
organisms. The process is long term, ranging from synthesis to potential testing of substan‐
ces in animal studies, followed by monitoring effects on patients. The purpose is to define
molecular targets of the highest efficacy of the prepared drugs, minimizing the undesirable
effects. The content of this book is conceived with these intentions.

The introductory chapter deals with the use or monitoring of influence of production of re‐
active oxygen species by mitochondria after administration of newly prepared substances,
which were devoted to this research by Prof. Perjési from Pécs (Hungary). Excessive and
unmanageable production of reactive oxygen species leads to disruption of mitochondrial
functions and induction of apoptosis. The chapter covers the monitoring of the efficacy of
substances in biological systems in vitro. To illustrate the effects on cell substructures and
energy production, the following chapters deal with the definition of cytotoxic effects of the
isolated endophytic fungus Aspergillus terrus FC36AY1, as well as methylparaben, a sub‐
stance used in cosmetics and UVB. Subsequently, the chapters deal with the development
and effects of indomethacin-derived structures and derivatives derived from benzodiaze‐
pine and point to possible more pronounced and more targeted effects of these substances.
Monitoring of the pharmacokinetics of known and used active substances at various concen‐
trations and in combinations with other active substances as demonstrated in the chapter on
clavulanic acid inactivating bacterial B-lactamase or novel iodine complex FS-1 as antituber‐
culosis is another phase of research regarding organ distribution and the desired efficacy.
Metabolism of ingested drugs and their bioavailability are mediated by cytochrome P450.
The efficacy of its enzyme activity is directly related to the distribution and duration of ac‐
tion of these substances in organs. In this respect, it is necessary to know the effect of the
activity of these enzymes on commonly ingested fruits and vegetables. The last part is dedi‐
cated to the authorized in vivo study of the endocrine disruption activity of three pesticides
in rat embryos. This section also includes a chapter on the positive results of the propriocep‐
tive neuromuscular facilitation method carried out on 15 football players on muscle stem
cells and growth factor stimulation.

It is hoped that this book will be of benefit to all the readers for whom it is intended.

Janka Vašková, Assoc. Prof. Dr. PhD, and Ladislav Vaško, Assoc. Prof. DVM, PhD
Faculty of Medicine

Pavol Jozef Šafárik University
Košice, Slovak Republic
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1. Introduction

Medicinal chemistry is an area that creates important links between the function of living 
organisms and the action of substances, whether natural or synthetic. This includes stud-
ies of structure–activity and dose–response associations in cell culture systems, in vitro and 
subsequent in vivo studies. The treatment of many diseases requires continuous invention, 
synthesis, characterization, and final testing of new designed compounds. Recently, there is 
also growing interest in better and more targeted use of the rich spectrum of effective natu-
ral substances extracted from plants. Each study thus contributes to the characterization of 
the effects of substances in order to achieve the least possible side effects in interactions and 
metabolism but significant expected ones. Also, part of such studies has been carried out at 
our workplace, which show the necessary and complementary role of identifying the effects 
and use of these substances. In this way, we introduce a shortened preview of unregulated 
endogenous production of reactive oxygen and nitrogen species in the biological activity of 
compounds in mitochondria.

2. Reactive oxygen species production in mitochondria

Mitochondria are two membrane organelles present in all cells that have a nucleus. They 
are the energy center of the cells. Their primary role is the production of ATP in oxidative 
phosphorylation, and the basis of the aerobic oxidation is the citric acid cycle interconnection 
representing the final metabolic pathway of oxidation of all major nutrients to the respiratory 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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chain where oxidation of reduced coenzymes results in ATP formation. By the process of 
oxidative phosphorylation, the mitochondria have an irreplaceable function in the forma-
tion of metabolic energy in the form of ATP. The electrodes released in this process from 
reduced substrates are transferred to O2 via the H+ pumps of the respiratory chain. Pumps 
(complexes I–IV) form a H+ gradient through the internal mitochondrial membrane, and the 
electrochemical energy of this gradient is then used to synthesize ATP complex V, ATP syn-
thase [1]. Gradual reduction of O2 occurs through several interstages when reactive oxygen 
species (ROS) are formed. One-electron reduction of O2 to superoxide radical (O2˙−) is ther-
modynamically more advantageous, even for substances with relative oxidation ability, so in 
the mitochondria, a number of electron donors potentially allow this reaction [2]. However, 
only a small number of mitochondrial electron transporters with thermodynamic potential 
to reduce O2 actually act. In most cases, small-molecule electron transporters such as NADH, 
NADPH, reduced coenzyme (CoQH2), and reduced glutathione (GSH) do not react with O2 
but regenerate it. Instead, O2˙− production takes place on the redox-active prosthetic groups 
of proteins or electron-binding proteins such as CoQH2, which is a kinetic factor that allows 
or prevents the reduction of O2 molecules and determines the production of O2˙− in the mito-
chondria [3]. The mechanism of mitochondrial production and release of H2O2 and O2˙− can 
be seen as described in more detail in [4]. Overall, in aerobic metabolism, the mitochondrial 
oxidative phosphorylation system balances the reduction of O2 to H2O in maximizing ATP 
synthesis with the simultaneous production of ROS only to the amount required for cell sig-
naling [5].

The major part of the mitochondrial ROS production is formed as a by-product of the res-
piration on the inner side of the inner mitochondrial membrane. Complex IV (cytochrome c 
oxidase), a terminal component of the electron transport chain, receives four electrons from 
cytochrome c and reduces one molecule of O2 to two H2O. The intermediates remain partially 
reduced until they are completely reduced and are not secreted in measurable amounts [6]. 
Historically, the O2˙− producing complex III was described as the first site of ROS produc-
tion—in the Q-cycle [7]. Theoretically, the oxidation of succinate by succinate dehydrogenase 
(complex II, SDH) leads to significant O2˙− formation—but so far it has not been measured. 
Thus, it is not entirely clear whether SDH produces in situ mitochondrial ROS. Nevertheless, 
the production of ROS complex II is a significant source in many tissues via the reverse electron 
transport mechanism. This particular phenomenon results from a high membrane potential 
that thermodynamically favors complex II as a donor for complex I., thanks to which succinate 
supports production of ROS in complex I. Thanks to which succinate supports production of 
ROS in complex I [6]. Complex I (NADH dehydrogenase) is the main entry of electrons into 
the respiratory chain. It is a significant source of ROS, namely, O2˙− and H2O2, although it is 
very complicated to find out whether it is the major source of ROS in mitochondria in vivo. All 
evidence of significant ROS production was obtained in in vitro studies [8].

The mitochondria also contain other sources, outside the respiratory chain that highlight 
ROS production. On the outer mitochondrial membrane, there are cytochrome b5 reductase 
and monoamine oxidase. Cytochrome b5 reductase is present in all mammalian tissues and 
is capable of production O2˙− at a very high rate of about 300 mmol.min−1.mg of protein−1. 
Monoamine oxidases (MAO-A and MAO-B) are also present in all tissues of mammals. 

Medicinal Chemistry2

They catalyze the oxidation of biogenic amines while releasing H2O2 [9]. On the outside 
of the internal mitochondrial membrane, the conversion of dihydroorotate to orotate cata-
lyzes the de novo synthesis of uridine monophosphate dihydroorotate dehydrogenase. It is 
considered to be the source of O2˙− and H2O2, although its ability to produce O2˙− requires 
further study. Also, part of a glycerophosphate shuttle, the mitochondrial glycerol-3-phos-
phate dehydrogenase, is present in all cells but with uneven expression and mediating the 
formation of H2O2 [10]. In the mitochondrial matrix, there is localized aconitase catalyzing 
the conversion of citrate to isocitrate within the Krebs cycle. Enzyme contains a Fe-S cluster 
that can be oxidized by O2˙− but also H2O2 leading to ˙OH production [11]. The subunit of 
lipoamide dehydrogenase from the ketoglutarate dehydrogenase complex, located on the 
inner side of the membrane turned into the mitochondrial matrix, produces O2˙− and H2O2. 
The subunit of the pyruvate dehydrogenase complex, dihydrolipoyl dehydrogenase, is also 
a significant source of ROS [12].

Mitochondria and ROS signaling control cell homeostasis by regulating processes of physi-
ological cell death (apoptosis), including autophagy however also that of survival. Damage 
of mtDNA, protein carbonylation, or lipid peroxidation due to increased ROS production 
have been documented in many studies, and due to the localization and metabolic role of the 
organelles, they can lead to an energy disaster of the cell. Therefore, the production of ROS 
by mitochondria is considered crucial for cell survival or death. Many proteins that mediate 
apoptosis and autophagy directly affect ROS signaling by translocation into the mitochondria 
compartment and subsequent modulation of pro- or antioxidant enzymes [9].

3. Testing compounds

Synthetic and natural substances can affect the production of ROS; alter the redox state of 
the cell and, depending on the extent of the oxidative change; affect proliferation; or induce 
apoptosis. Chalcones are intermediate products of biosynthesis of a wide variety of plant 
polyphenols, flavonoids. Chalcones, as α, β-unsaturated carbonyl compounds have a wide 
range of substituents. The cycles are connected by three strongly electrophilic carbons, and 
the whole system creates a linear or almost planar structure [13]. They also contain a keto-
ethylene group (–CO–CH=CH–). They have conjugated double bonds and a fully delocalized 
π-electron system on both benzene rings [14]. Structure–activity studies have shown that the 
cytotoxicity of chiral analogues is affected by the shape of the molecules [15, 16]. The mul-
timodal pharmacodynamic, structural diversity of synthetic and natural chalcones and the 
constitutive elements that create optimal toxicity vary for each class of chalcones, and there 
are no generally valid rules of relationship between structure and activity [17]. Changes in the 
structure create a high degree of diversity which, as was shown, is useful for the development 
of new drugs with better efficacy, lower toxicity, and good pharmacological action. Thus, 
chalcones have become of interest not only in the academic but also in the industrial sphere 
and are used as intermediates for the preparation of compounds having therapeutic utility. 
They are currently used in the treatment of viral, cardiovascular diseases, parasitic infections, 
pain, inflammation, and gastric cancer, as well as additives and cosmetic ingredients [14]. 
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They catalyze the oxidation of biogenic amines while releasing H2O2 [9]. On the outside 
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considered to be the source of O2˙− and H2O2, although its ability to produce O2˙− requires 
further study. Also, part of a glycerophosphate shuttle, the mitochondrial glycerol-3-phos-
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Mitochondria and ROS signaling control cell homeostasis by regulating processes of physi-
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of mtDNA, protein carbonylation, or lipid peroxidation due to increased ROS production 
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3. Testing compounds

Synthetic and natural substances can affect the production of ROS; alter the redox state of 
the cell and, depending on the extent of the oxidative change; affect proliferation; or induce 
apoptosis. Chalcones are intermediate products of biosynthesis of a wide variety of plant 
polyphenols, flavonoids. Chalcones, as α, β-unsaturated carbonyl compounds have a wide 
range of substituents. The cycles are connected by three strongly electrophilic carbons, and 
the whole system creates a linear or almost planar structure [13]. They also contain a keto-
ethylene group (–CO–CH=CH–). They have conjugated double bonds and a fully delocalized 
π-electron system on both benzene rings [14]. Structure–activity studies have shown that the 
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are no generally valid rules of relationship between structure and activity [17]. Changes in the 
structure create a high degree of diversity which, as was shown, is useful for the development 
of new drugs with better efficacy, lower toxicity, and good pharmacological action. Thus, 
chalcones have become of interest not only in the academic but also in the industrial sphere 
and are used as intermediates for the preparation of compounds having therapeutic utility. 
They are currently used in the treatment of viral, cardiovascular diseases, parasitic infections, 
pain, inflammation, and gastric cancer, as well as additives and cosmetic ingredients [14]. 
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Some natural but also synthetic chalcones have demonstrated cytotoxic activity against tumor 
cell cultures by inhibiting cell growth. However, they are also effective as anticancer and che-
mopreventive agents in vivo [18–20]. The amount of clinically useful antitumor drugs exhib-
its a genotoxic effect based on their affinity to amino groups of nucleic acid, but chalcones 
exhibit a pronounced affinity to thiols [15]. These reactions can alter intracellular redox (redox 
signaling) that can modulate processes such as DNA synthesis, enzyme activation, selective 
gene expression, and cell cycle regulation [21]. Many of the pharmacological potentials of 
chalcones are not used yet.

Summarizing the current knowledge of chalcone efficiency and their cyclic analogues ((E)-2-
arylmethylene-1-indanone, (E)-2-arylmethylene-1-tetralone, and (E)-2-arylmethylene-benzosuberone) 
with several types of substituents, our studies were then primarily focused on monitoring 
their effects on mitochondria with respect to the production of ROS and the subsequent effects 
on selected antioxidant markers and ATP production. As the primary organ of xenobiotic 
metabolism in the body is the liver, studies with 4′-methyl-, methoxy- [16], 4′-hydroxy- [22], 
and 4′-dimethylamino-cyclic analogues of chalcones [23] were provided on mitochondria 
isolated from the rat liver. Analogues with methyl substituents showed rather a protec-
tive, antioxidant effect. Observed insufficiency in the antioxidant system and the level of 
reduced glutathione and associated enzymes such as glutathione peroxidase and glutathione 
reductase were significantly induced by the presence of benzosuberone in all types of sub-
stituents. They act as uncouplers of mitochondrial respiration, thus reducing ATP production. 
4′-Hydroxy and 4′-dimethylamino analogues of chalcones exhibited similarly toxic effects as 
(E)-2-arylidene-1-indanones. Chalcones with substituents that increase the electron density 
of the B-ring, such as methoxy, butoxy, or dimethylamino groups, do not exhibit significant 
reactivity to reactive species [24].

The current level of knowledge makes it possible to use some of these biological properties of 
chalcone derivatives influenced by the nature of their substitution, such as the ability to inhibit 
12-lipoxygenase and cyclooxygenases with 2′-hydroxychalcones, 4′-hydroxychalcones, and 
2′,4′-dihydroxychalcones. Selective inhibitory effects on arachidonic-induced platelet aggrega-
tion predict them as antithrombotic or anti-inflammatory agents [25]. Under the low pH, the 
amino group, which are conditions normally found in tumors, is in protonated form increasing 
β-carbon electrophilicity in enone linkage, thereby increasing its reactivity as nucleophile accep-
tor in Michael additions [15], for example, thiol groups. Substantial antiproliferative activity 
was observed for chalcones with substituted amino groups [26]. All benzosuberone cyclic ana-
logues at incubation with mitochondria caused a significant decrease in reduced glutathione 
(GSH) levels and simultaneous increase in glutathione peroxidase (GPx) activities. Lowering 
GSH levels most clearly defines the conditions of strong oxidative stress and leads to changes 
in the redox potential of the cell [27]. Although many antioxidant defense systems exist in 
the mitochondria, their maintenance is energy demanding. The first condition is a sufficient 
amount of ATP needed to synthesize low molecular weight antioxidants and molecules that 
provide uptake of ROS and ROS by-products. Benzosuberone as well as indanone analogues 
acted in mitochondria as phosphorylation deactivators, thereby reducing ATP production. GSH 
itself is able to reduce reactive oxygen and nitrogen species (RNOS); however, it is synthesized 
only in cytosol. Although it easily passes through the outer mitochondrial membrane via porin 
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channels, it cannot pass through the inner mitochondrial membrane into the matrix as the 
anion. Here, the 2-oxoglutarate antiport is applied [28]. By importing GSH, mitochondria lose 
an important intermediate of the Krebs cycle, which must be replaced by anaplerotic reactions. 
It is important to note that in experiments, we have been working with isolated mitochondria 
where transfer of de novo synthesized glutathione was not possible. However, the energy inten-
sity to maintain the redox status was not reduced. O2˙− produced in the mitochondrial matrix, 
the membrane space, and the outer mitochondrial membrane reacts with other electron accep-
tors such as NO but primarily leads to the production of H2O2. The local antioxidant capacity of 
peroxidases then determines oxidative damage or H2O2-mediated signaling. The GPx catalytic 
mechanism requires cyclic oxidation/reduction of cysteine or selenocysteine residues at the 
catalytic center where GSH is used as a cofactor and GSSG is formed. Reactivation through 
glutathione reductase (GR) requires a reduction potential of NADPH, whose production also 
requires energy. The presence of glucose-6-phosphate dehydrogenase (and also isocitrate dehy-
drogenase), a source of NADPH formation in mitochondria, have been proven [29], but the 
enzyme is extremely sensitive to H2O2 levels, leading to its inhibition [29]. Affection of ATP 
production and changes in GSH levels are associated with the affection of apoptosis, cell divi-
sion, and growth [30]. According to the decrease in mitochondrial membrane potential, they are 
able to incorporate into the membrane and induce apoptosis [31]. Conversely, the reduction of 
ROS production in the mitochondria by partial uncoupling of oxidative phosphorylation, such 
as observed with tetralone analogues, is a protective mechanism and also corresponds to the 
measured values of antioxidant parameters.

4. Conclusion

As a result of our observations, (E)-2-arylidene-1-tetralone shows antioxidant and (E)-2-
arylidene-1-benzosuberone significant pro-oxidant and cytotoxic properties regardless of the 
character of the substituent. The findings have contributed to the targeted synthesis of deriva-
tives that are expected to enhance the effect due to structural modification. The mentioned 
cyclic analogues of chalcones served as a structural substrate, with the aromatic ring B being 
replaced by a ferrocene. In previous studies on various different ferrocene derivatives, some 
have been shown to exhibit surprisingly high toxicity and antiproliferative activity [32–34]. 
Among the unique derivatives available for study, the antiproliferative effect of the (E)-3-
(ferroceneethylene)-4-chromanone was the most effective [35]. The pronounced effect of cell 
viability and colony formation of cancer cells in dose-dependent manner has been shown by 
1,1′-bis[(1-oxoindane-2-ylidene) methyl] ferrocene. The mechanism by which tested ferroce-
nyl compounds could demonstrate these remarkable properties is probably based on their 
activity with RNOS, which subsequently affected the antioxidant mechanisms of mitochon-
dria. In general, the activity of the compounds with respect to ˙OH and nitric oxide (NO) 
was very weak but, however, marked toward O2˙− and the peroxynitrite anion (ONO2−). 
The 1,1′-bis[(1-oxoindane-2-ylidene) methyl]ferrocene and 1,1′-bis[(1-oxotetralin-2-ylidene)
methyl] ferrocene were involved in the significant production of O2˙−, leading to increased 
activities of superoxide dismutase; additionally, 1,1′-bis[(1-oxoindan-2-ylidene)methyl]
ferrocene also exhibited the lowest inhibition of NO and ONO2−. In addition to preserved 
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concentrations of GSH, the mechanism of action, especially in this most effective derivative, 
is likely to be the modulation of mitochondrial activity through the induction of nitrosative 
stress.

The demonstration from our workplace suggests a long-term process of characterizing the 
effects of compounds, which contributes only a small amount to their complex knowledge. 
That is why authors have been invited to create the content of this book to bring their work 
and theoretical experiences in this area through their chapters.
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1. Introduction

There are numerous natural pigments in the world. They are collected from the sources such 
as plants, animals and microorganisms. The uses of natural pigments are increasing world-
wide. The natural pigments have several affecting factors like temperature, pH, availability 
and cost. The natural pigments do not cause any serious health effects but it may cause some 
side effects only for the hypersensitivity persons. The natural pigments are also called as 
secondary metabolites in which the plants and microbes will produce in enormous by the 
metabolic production. Each living organism undergoes several pathways for the production 
of useful secondary metabolites. In this way the best and economical source is microbial 
metabolites and they have been extensively used in pharmaceutical and medicinal fields to 
treat various disorders and diseases. With this focus in mind, this research has been focused 
on the purification of secondary metabolites from an endophytic fungus which would be 
isolated from an efficient medicinal tree from biodiversified place.

Microbial pigment production is now one of the emerging fields of research to demonstrate its 
potential for various industrial applications. Among the molecules produced by microorgan-
isms are carotenoids, melanins, flavins, quinines and more specifically monascins, violacein 
or indigo. Industries are now able to produce some microbial pigments for applications in 
food, cosmetics and textiles. Naturally, pigment producing microorganisms like fungi, yeast 
and bacteria are quite common [1]. The pigments producing microorganisms will produce 
the antibiotic and inhibit the disease causing pathogens. Antibiotics eliminate or prevent the 
growth and can therefore cure disease caused by bacterial infection. They cannot however treat 
viral infection such as common cold or nonbacterial inflammation. Among the microbial pig-
ments the fungi placed a promising rank for its largest and efficient production of potential 
metabolites which could be applicable in different medicinal and pharmaceutical industries. To 
which, endophytic fungi explored an evidence in the production of medically used metabolites 
mainly from medicinal plants. An endophyte is an endosymbiont that lives within a plant for at 
least part of its life cycle without causing apparent disease [2]. Endophytes are ubiquitous and 
have been found in all species of plants however, most of the endophyte/plant relationships are 
not well understood [3]. Endophytes are also known to occur within lichens [4] and algae [5]. 
Many economically important grasses (e.g., Festuca sp. and Lolium sp.) carry fungal endophytes 
in genus Epichloë, some of which may enhance host growth [6], nutrient acquisition and may 
improve the plant’s ability to tolerate abiotic stresses, such as drought, and enhance resistance 
to insects, plant pathogens and mammalian herbivores. Nowadays the studies have focused on 
endophytic fungi isolated from medicinal tree. From ancient time onwards the medicines have 
been prepared from trees and plants in order to prevent/or cure the diseases. In this regard the 
current research has been focused on developing the medicine or drugs from the endophytic 
fungi residing in potential medicinal plants/or trees. These drugs are nothing but the metabo-
lites produced from the metabolic pathways by the organisms. As the endophytes (i) mimics 
the metabolism of the host plant, (ii) easy for industrial means and (iii) improvement in activity 
compared to host plant. The drug derived from endophytes explores the nature of the drugs 
derived from the medicinal plants and/or trees. The research will be discussed on the bioactive 
secondary metabolites produced by endophytic fungi through different production, and their 
usage in different medicinal fields as anti-angiogenic product.

Medicinal Chemistry14

2. Materials and methods

2.1. Isolation and identification of endophytic fungi

The potential endophytic fungus was isolated from a prospective medicinal plant Aegle 
marmelos from Western Ghats (Nilgiris cluster), Coimbatore. This fungus was found to exhibit 
highest antagonistic activity when compared to other 37 different endophytic fungi from the 
medicinal plant. Further the potential fungus was named as FC36AY1 and identified to be 
Aspergillus terreus FC36AY1 with the NCBI accession number KY807648. The FC36AY1 was 
taken for the production of metabolites in Sabouraud’s Dextrose Broth (SDB) medium for 
17 days of incubation at stationary phase in normal cycle. The pigmented crude metabolites 
extract was extracted using acetone as sole solvent and it was concentrated for further use. 
The crude metabolites extract was assessed for biological determination such as antimicro-
bial and antioxidant analysis [7]. The fungus FC36AY1 manifested maximum activity at least 
concentration so this was taken for further purification process. The mass production of pig-
mented secondary metabolites was carried out in SDB medium and the yield was calculated 
according to Mani et al. [7]. The crude extract was taken for purification process to elute the 
bioactive secondary metabolite through chromatographic techniques.

2.2. Partial purification of the bioactive secondary metabolite

2.2.1. TLC

The crude extract was subjected to TLC (thin layer chromatography) [8]. About 5 μL of the 
crude extract was applied 1 cm above from the lower edge of the thin layer chromatography 
slides and dried. It was immersed to a depth of 1 cm in the solvents. The different solvent sys-
tem tested for movement of the pigment was chloroform:methanol and petroleum ether:ethyl 
acetate. The best solvent system for the separation of the components in the crude extract was 
taken. The solvent front was marked and Rf value was calculated.

2.2.2. High performance liquid chromatography (HPLC)

The active fraction was further purified through preparative high performance liquid chro-
matography (HPLC) (Shimadzu-1100 series), manual injector with quaternary pump, photo-
diode array detector equipped with C18 column (4.6 × 250 mm) with 5 μL of pore size with the 
flow rate of 1 mL/min and mobile phase of acetonitrile:H2O (80:20) at 427 nm.

2.3. Antioxidant activity

The purified fractions were taken for antioxidant analysis for determining the prospective 
secondary metabolite.

2.3.1. DPPH radical scavenging assay

The antioxidants present in fungal crude metabolites were aliquot into different concentra-
tions (20–100 μg) to determine extract’s ability to scavenge of 2,2-diphenyl-1-picrylhydrazyl 
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(DPPH) radicals using the method of Mani et al. [7] in triplicates. DPPH solution (1 mM DPPH 
radical solution in 95% ethanol) was added to the crude metabolites extracts and made upto 
1 mL, vortexed well, and then incubated for 30 minutes in dark hood at room temperature. 
After incubation, the samples were poured into microfuge tubes and centrifuged for 5 min at 
13,500 rpm at RT. The absorbance of each sample at λ = 517 nm was measured and 1 mL of 
95% EtOH/MeOH was used as a control, and DPPH were used as reference compounds. The 
antioxidant activity is given as percent (%) DPPH scavenging assay was calculated using the 
formula: [(control absorbance − extract absorbance)/(control absorbance) × 100]. The fungi 
exhibiting the maximum antioxidant activity at minimum concentration and antagonistic 
profile were taken for further identification studies.

2.3.2. Reducing power assay

Total reducing power was determined as described by Oyaizu [9] in triplicates [7]. 1 mL of 
sample solution at different concentrations (20–100 μg) was mixed with 2.5 mL of phosphate 
buffer (0.2 mol/L, pH 6.6) and 2.5 mL of 1% potassium ferricyanide. The mixture was incu-
bated at 50°C for 20 min, 2.5 mL of 10% trichloroacetic acid (TCA) was added to the mixture 
and centrifuged at 3000 × g for 10 min. The supernatant (5 mL) was mixed with 1 mL of 
ferric chloride (0.1%), and the absorbance was measured at 700 nm in a spectrophotometer. 
Increased absorbance of the reaction mixture indicated increased reducing power.

2.3.3. Metal chelating activity

The metal chelating activity was analyzed by the method of Dinis et al. [10] with slight modi-
fication in triplicates [7]. The reaction was performed in HEPES buffer (20 mM) at pH 7.2. 
Various concentrations (20–100 μg) of samples were mixed with a solution of 12.5 μM ferrous 
sulfate solution. Addition of 75 μM ferrozine was to initiate the reaction and the mixture 
was shaken vigorously and incubated for 20 min at room temperature. After incubation the 
absorbance was measured at 562 nm. Ascorbic acid was used as the reference compound and 
the percentage chelating capacity was calculated as; % chelating activity = [(A0 − A1)/A0] × 100 
where, A0 = absorbance of the blank; A1 = absorbance of the sample.

2.3.4. Superoxide anion radical scavenging assay

Measurement of the superoxide anion radical scavenging capacity of the eluted fractions were 
essential according to the method described by Liu et al. [11] using a minor modification. The 
principle of this method is that superoxide radicals are generated in phenazine methosul-
fate (PMS)-nicotinamide adenine dinucleotide (NADH) systems by oxidation of NADH and 
reduction of nitroblue tetrazolium (NBT). In this experiment, the superoxide radicals were 
generated with 3.0 mL of Tris-HCl buffer (16 mM, pH 8.0) containing 1.0 mL of NBT (50 μM) 
solution, 1.0 mL NADH (78 μM) solution and samples of the compound MM4 (20–100 μg/mL)  
in methanol. The reaction was initiated by adding 1.0 mL of phenazine methosulfate  
(PMS) solution (10 μM) to the mixture. The absorbance at 560 nm was measured against a blank. 
Ascorbic acid was used as a standard. The scavenging activity was calculated by: [(Abs  
control − Abs sample)/Abs control] × 100.
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2.3.5. Hydroxyl radical scavenging assay

The scavenging activity for hydroxyl radicals recommended by Yu et al. [12] was followed 
with minor changes using the fractions. Reaction mixture contained 0.6 mL of 1.0 mM Deoxy 
ribose, 0.4 mL of 0.2 mM phenyl hydrazine, 0.6 mL of 10 mM phosphate buffer (pH 7.4). It was 
incubated for 1 h at room temperature. Then 1 mL of 2–8% TCA, 1 mL of 1% TBA and 0.4 mL 
of compound (at different concentrations) were added and kept in water bath for 20 min. The 
absorbance of the mixture at 532 nm was measured with a spectrophotometer. From the read-
ings, the hydroxyl radical scavenging activity was calculated as: [(Abs control − Abs sample)/
Abs control] × 100.

2.3.6. Chemical characterization of bioactive secondary metabolite

The bioactive purified fraction which evinced maximum antioxidant activity at least concen-
tration was dissolved in acetone and it was taken for UV-analysis using UV-Vis scanning spec-
troscopy for the detection of single peak. Scanning was performed between 200 and 800 nm 
wavelength. Later the fraction was subjected to structural elucidation of the compound. 1 mg 
of purified fraction was dried and analyzed for Infrared (IR) spectra using FTIR spectroscopy. 
The important IR bands of symmetric and asymmetric stretching and stretching frequencies 
were studied to determine the presence of functional groups.

The gas chromatography-mass spectrometry was done by advanced equipment (Thermo 
GC—Trace ultra VER: 5.0, Thermo MS DSQ II). The column used in this experiment was DB 
5-MS capillary standard non-polar column with the dimension of 30 mts, ID-0.25 mm and the 
film was 0.25 μm. The carrier gas used was helium, with the flow rate at 1.0 mL/min and the 
temperature was as oven temperature 70°C which was raised to 260°C at 6°C/min. The sample 
of 1 μL which was purified from HPLC analysis was taken and injected for the experiment.

2.4. In vitro studies

2.4.1. MTT assay

The cytotoxic effect of the bioactive compound was studied using cancer cell lines. The HT-29 
cell line was obtained from National Centre for Cell Sciences, Pune (NCCS). The cells were 
maintained in Minimal Essential Medium supplemented with 10% FBS, penicillin (100 U/mL), 
and streptomycin (100 μg/mL) in a humidified atmosphere of 50 μg/mL CO2 at 37°C. Cells 
(1 × 105/well) were plated in 24-well plates and incubated in 37°C with 5% CO2 condition. 
After the cell reaches the confluence, the various concentrations of the samples were added 
and incubated for 24 h. After incubation, the sample was removed from the well and washed 
with phosphate-buffered saline (pH 7.4) or MEM without serum. 100 μL/well (5 mg/mL) of 
0.5% 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-tetrazolium bromide (MTT) were added and 
incubated for 4 h. After incubation, 1 mL of DMSO was added in all the wells. The absor-
bance at 570 nm was measured with UV-Vis Spectrophotometer using DMSO as the blank. 
Measurements were performed and the concentration required to inhibit 50% of cells (IC50) 
was determined graphically. The % cell viability was calculated using the following formula 1:
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generated with 3.0 mL of Tris-HCl buffer (16 mM, pH 8.0) containing 1.0 mL of NBT (50 μM) 
solution, 1.0 mL NADH (78 μM) solution and samples of the compound MM4 (20–100 μg/mL)  
in methanol. The reaction was initiated by adding 1.0 mL of phenazine methosulfate  
(PMS) solution (10 μM) to the mixture. The absorbance at 560 nm was measured against a blank. 
Ascorbic acid was used as a standard. The scavenging activity was calculated by: [(Abs  
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  %cell viability =  ( A  570   of treated cells /  A  570   of control cells × 100)   (1)

Graphs were plotted using the % of cell viability as Y-axis and concentration of the sample 
in X-axis. Cell control and sample control was included in each assay to compare the full cell 
viability in cytotoxicity assessments.

2.5. Determination of HET-CAM test [Hen’s egg test on the chorio-allantoic 
membrane (HET-CAM) of chick eggs]

In order to understand the inflammatory tissue reactions of metabolite coated materials on the 
live tissues, the materials were placed on the surface of Chorio-Allantoic membrane (CAM) of 
embryonated chick eggs. The inflammatory response on CAM was evaluated by direct evalu-
ation method. Freshly laid fertile eggs were collected from the chicken farm and incubated 
at 36–37°C for 8 days before implanting (implantation day: 9th day) the sample materials 
such as compound TA4, acetone, positive and negative solutions. During the incubation time, 
the eggs were turned twice daily. On the day of implantation (9th day after laid), the eggs 
were candled to determine the position of the air sac and the embryo. A square, with sides 
approximately 18–20 mm, was marked on the shell where the chorio-allantoic membrane was 
best developed. Using a dental drill fitted with a straight hand-piece the sides of the marked 
square were drilled. In one corner of this large triangle a second smaller square was drilled, 
with sides of approximately 5 mm. A small slit was drilled in the shell over the air sac.

2.5.1. Application of test sample, solvent, positive and negative control on CAM

Aseptic technique was used for the implantation of the test sample on biomaterial as filter 
paper discs. For dropping the material onto chorio-allantoic membrane the egg was mounted 
on a stand, with the drilled area of shell uppermost; a straight Hagedorn’s needle was 
gently inserted under one corner of the smaller square of shell and this square was raised 
and removed. The shell and shell membrane circumscribed by the larger square were then 
removed, and the sterile pre-measured size of sample was inserted and carefully lowered on 
to the exposed membrane. In order to implement the implanted sample TA4, 0.3 mL of the 
substance (positive and negative control) was applied to the surface of the CAM on separate 
eggs. 0.1 N NaOH was added on the CAM of separate egg as a positive control and 0.9% NaCl 
was used as an appropriate negative control. After a 20-s exposure period, the CAM is rinsed 
with 5 mL of water.

2.5.2. Direct evaluation of CAM time for development of observed endpoints after exposure to 
the test substance

A procedure used to evaluate the time for development of endpoints after exposure to the 
test substance was to continually observe the CAM during the 5-min observation period and 
record (typically in seconds) the time at which each of the endpoints developed. Therefore, 
two separate time values (after 2 and 18 h of incubation) were obtained and recorded for each 
egg (one time value for each endpoint).
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3. Results

3.1. Purification of secondary metabolite

3.1.1. Thin layer chromatography

The concentrated crude metabolite extract was subjected to thin layer chroamtography and 
the best solvent system which separated maximum compounds as band was chloroform:me
thanol:toluene:acetic acid and at 95% about five visible bands got separated (Figure 1a)—Rf 
value was calculated for obtained peaks and tabulated (Table 1).

3.1.2. High performance liquid chromatography (HPLC)

The crude extract was forced for preparative HPLC analysis about 6 different peaks were 
obtained at 427 nm (Figure 1b) and this range corresponds to the result of UV spectrum analy-
sis. The eluted fractions from HPLC analysis were assessed for antimicrobial profile. Among 
the five fractions (TA1–TA5), fraction 4 (TA4) was found to contain highest antimicrobial pro-
file on comparing to other fractions (Table 2). The fraction 4 explored highest activity against 
C. albicans, K. pneumoniae, E. coli, S. epidermidis and S. typhi. From these results it is evident that 
this particular fraction was able to control the growth of gastro intestinal and skin pathogens.

3.2. Determination of antioxidant properties

3.2.1. DPPH radical scavenging activity

The bioactive compound of the present study showed a concentration dependent antiradical 
activity by inhibiting DPPH radical (Figure 2a). The decrease in absorbance of the DPPH radical 

Figure 1. (a) TLC of crude extract and (b) chromatogram showing different peaks in Aspergillus sp. extract.
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caused by antioxidant was due to the scavenging of the radical by hydrogen donation. It is visu-
ally noticeable as a color change from purple to yellow. Also, a lower value of IC50 (concentra-
tion at which the 50% scavenging activity is obtained) indicates a higher antioxidant activity at 
lower concentration. The IC50 concentration of purified fraction was found to 56 μg/mL.

3.2.2. Reductive power ability

The reducing ability of a bioactive compound generally depends on the presence of reduc-
tones, which exert the antioxidant activity by breaking the free radical chain by donating a 

S. no. Pathogens Zone of inhibition (in cm)

TA1 TA2 TA3 TA4 TA5

1 Staphylococcus aureus 0.5 0 1.2 1.2 1.2

2 Klebsiella pnuemoniae 0 0 0.9 1.4 0.9

3 Staphylococcus epidermis 0.9 0 0.8 1.6 0

4 Pseudomonas aeruginosa 1.1 0 1.2 1.1 0

5 Enterococcus faecalis 1.2 0 2.1 2.1 0

6 Bacillus subtilis 1 0 0 2.3 1.3

7 E. coli 0 0 0 1.0 1.2

8 Proteus mirabilis 0 0 1.1 0.9 0.9

9 Shigella sp 0 0 0.9 0 0.7

10 Salmonella 0 0 0 0 0.8

11 Candida albicans 0 0 0 2.1 0.9

12 Aspergillus terreus 2.1 0 0 2.3 0

<0.5 cm: no inhibition activity.

Table 2. Antimicrobial activity for eluted fractions.

S. no. Bands Rf value (%)

1 I 0.046

2 II 1.125

3 III 1.184

4 IV 1.25

5 V 1.8

6 VI 1.956

7 VII 3.461

8 VIII 9.000

Table 1. Rf value of TLC for crude extract.

Medicinal Chemistry20

hydrogen atom. In this study, the reductive ability of the compound TA4 had a maximum 
reductive power and this was observed by increasing OD units (Figure 2b). This confirmed 
the increasing reducing power through increasing OD units. When compared to the standard 
ascorbic acid, TA4 exerted a similar activity. This activity was concurrent with the investiga-
tion of ***Liu et al. (2007) with the same concentration of 20–100 μg/mL.

3.2.3. Superoxide radical scavenging activity

The superoxide radicals are generated by PMS and it was assessed using NBT. Figure 2c 
explains that the bioactive compound has a maximum scavenging mechanism at minimum 
concentration. The 50% of inhibition concentration value was found to be 24 μg/mL. The IC 50 
concentration of purified fraction was found to 68 μg/mL.

3.2.4. Hydroxyl radical scavenging activity

Hydroxyl radical scavenging assay showed the ability of the bioactive compound and stan-
dard ascorbic acid in inhibiting hydroxyl radical mediated deoxyribose degradation in a Fe3+ 
EDTA ascorbic acid and H2O2 reaction mixture (Figure 2d). The IC50 value of the compound 
was found distinctly increased with increased concentration when compared to the standard. 
Hydroxyl radicals are the major active oxygen species causing enormous biological damage by 
lipid peroxidation in cells. The IC50 concentration of purified fraction was found to 75 μg/mL.

3.2.5. Metal chelating activity

The rate of color reduction was measured which was used in the estimation of chelating activ-
ity of the coexisting chelator. In the current analysis, the absorbance of Fe2+ ferrozine complex 
was decreased in a dose dependent manner which can be meant in other way as the activity 
increased with the increasing concentration from 20 to 100 μg/mL and the IC50 concentration 
of purified fraction was found to 70 μg/mL (Figure 2e).

Figure 2. (a) DPPH radical scavenging activity, (b) reductive power ability of purified fraction, (c) superoxide radical 
scavenging activity, (d) hydroxyl radical scavenging activity, and (e) metal chelating activity.
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hydrogen atom. In this study, the reductive ability of the compound TA4 had a maximum 
reductive power and this was observed by increasing OD units (Figure 2b). This confirmed 
the increasing reducing power through increasing OD units. When compared to the standard 
ascorbic acid, TA4 exerted a similar activity. This activity was concurrent with the investiga-
tion of ***Liu et al. (2007) with the same concentration of 20–100 μg/mL.

3.2.3. Superoxide radical scavenging activity

The superoxide radicals are generated by PMS and it was assessed using NBT. Figure 2c 
explains that the bioactive compound has a maximum scavenging mechanism at minimum 
concentration. The 50% of inhibition concentration value was found to be 24 μg/mL. The IC 50 
concentration of purified fraction was found to 68 μg/mL.
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dard ascorbic acid in inhibiting hydroxyl radical mediated deoxyribose degradation in a Fe3+ 
EDTA ascorbic acid and H2O2 reaction mixture (Figure 2d). The IC50 value of the compound 
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Hydroxyl radicals are the major active oxygen species causing enormous biological damage by 
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The rate of color reduction was measured which was used in the estimation of chelating activ-
ity of the coexisting chelator. In the current analysis, the absorbance of Fe2+ ferrozine complex 
was decreased in a dose dependent manner which can be meant in other way as the activity 
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3.3. Chemical characterization of the secondary metabolite

UV-Visible spectrum of the purified pink colored compound was recorded using acetone 
solution in the range of 200–700 nm showed a single peak for the purified fraction (Figure 3a). 
The spectral measurement showed that the compound had registered its absorption band in 
the region 427 nm. The peak in the wavelength of 427 nm showed that this is the active frac-
tion. IR spectrum has proven to be the most effective way to give the information about the 
functional groups present in the compound.

Figure 3b depicted the FT-IR report for the purified fraction. In that, the stretching frequencies 
of the IR spectrum recorded the highest peak at 1711.92 which correspond to C▬O (carbonyl/
ketone) stretching. The region 1360.41 denotes the region ▬C▬H (sp3 configuration and 
alkane group) and the region 1221.06 records CN stretching (aromatic primary amine group 
or phenolic group). The region 1426.80 and 1093.19 denotes ▬C▬H (sp3 configuration with 
vinyl C▬H) and C▬O (alcohol group) respectively. The frequencies from 3600 to 3200 cm−1 
denoted the alcohol group present in the compound and in the same way the frequencies 
recorded from 3000 to 2850 cm−1 denoted the alkane stretching.

3.3.1. GC-MS analysis

The gas chromatography-mass spectrometry (GC-MS) was analyzed for purified fraction of 
TA4. The chromatogram was obtained with 4 major peaks in TA4 (Figure 3c and d). Finally 
from the results of UV-spectra, FT-IR, GC-MS, analysis we conclude the compound of TA4 
was found to be octadecenoic acid 4-hydroxy methyl ester C19H38O3.

Figure 3. (a) UV-VS of TA4, (b) FT-IR spectra for TA4, (c) GC-MS of TA4, and (d) GC-MS RA peak of TA4.
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3.4. In vitro studies

3.4.1. MTT assay

The present investigation has been carried out for a potential bioactive compound TA4. 
The studies have been performed on HT-29 colon cancer cell lines with the control of triton 
X 100 (Table 3 and Figure 4). This result was similar to the investigation of Yuvaraj et al. 
[13] reported the IC50 at nearest concentration. The present study has showed that A. terrus 
FC36AY1 acetonic fractions could extensively inhibited cell proliferation architecture in dose 
dependent manner. This report demonstrating the in vitro anticancer activity of the TA4 from 
methanolic extract of A. terrus FC36AY1 providing a scientific basis for its effects on human 
health which is similar to Yuvaraj et al. [13], TA4 was found to be inhibited maximum number 
of cells. So TA4 was taken for further studies.

Sample concentration (μg/mL) Average OD at 540 nm Percentage viability

Control 0.3855

6.25 0.3044 78.96239

12.5 0.2941 76.29053

25 0.2427 62.9572

50 0.2077 53.87808

100 0.1545 40.07782

Table 3. MTT assay.

Figure 4. MTT analysis of TA4.
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the region 427 nm. The peak in the wavelength of 427 nm showed that this is the active frac-
tion. IR spectrum has proven to be the most effective way to give the information about the 
functional groups present in the compound.

Figure 3b depicted the FT-IR report for the purified fraction. In that, the stretching frequencies 
of the IR spectrum recorded the highest peak at 1711.92 which correspond to C▬O (carbonyl/
ketone) stretching. The region 1360.41 denotes the region ▬C▬H (sp3 configuration and 
alkane group) and the region 1221.06 records CN stretching (aromatic primary amine group 
or phenolic group). The region 1426.80 and 1093.19 denotes ▬C▬H (sp3 configuration with 
vinyl C▬H) and C▬O (alcohol group) respectively. The frequencies from 3600 to 3200 cm−1 
denoted the alcohol group present in the compound and in the same way the frequencies 
recorded from 3000 to 2850 cm−1 denoted the alkane stretching.

3.3.1. GC-MS analysis

The gas chromatography-mass spectrometry (GC-MS) was analyzed for purified fraction of 
TA4. The chromatogram was obtained with 4 major peaks in TA4 (Figure 3c and d). Finally 
from the results of UV-spectra, FT-IR, GC-MS, analysis we conclude the compound of TA4 
was found to be octadecenoic acid 4-hydroxy methyl ester C19H38O3.

Figure 3. (a) UV-VS of TA4, (b) FT-IR spectra for TA4, (c) GC-MS of TA4, and (d) GC-MS RA peak of TA4.
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3.4. In vitro studies

3.4.1. MTT assay

The present investigation has been carried out for a potential bioactive compound TA4. 
The studies have been performed on HT-29 colon cancer cell lines with the control of triton 
X 100 (Table 3 and Figure 4). This result was similar to the investigation of Yuvaraj et al. 
[13] reported the IC50 at nearest concentration. The present study has showed that A. terrus 
FC36AY1 acetonic fractions could extensively inhibited cell proliferation architecture in dose 
dependent manner. This report demonstrating the in vitro anticancer activity of the TA4 from 
methanolic extract of A. terrus FC36AY1 providing a scientific basis for its effects on human 
health which is similar to Yuvaraj et al. [13], TA4 was found to be inhibited maximum number 
of cells. So TA4 was taken for further studies.

Sample concentration (μg/mL) Average OD at 540 nm Percentage viability

Control 0.3855

6.25 0.3044 78.96239

12.5 0.2941 76.29053

25 0.2427 62.9572

50 0.2077 53.87808

100 0.1545 40.07782

Table 3. MTT assay.

Figure 4. MTT analysis of TA4.
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Sample For 2 h For 18 h

No. of vessels in 
untreated CAM

No. of vessels in 
treated CAM

No. of vessels in 
untreated CAM

No. of vessels in 
treated CAM

Negative 
control—acetone

18 10 18 05

Sample—1–200 μL 12 10 12 08

Sample—1–400 μL 10 05 13 03

Positive 
control—NaOH

11 11 11 11

Table 4. Anti-angiogenesis effect of TA4 in HET-CAM test.

Figure 5. HET-CAM test on chick embryo control.
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3.5. HET-CAM test on chick embryo

The CAM assay is a perceptive, easily feasible, and cheap in vivo check for enquiries of the 
anti-angiogenic promise of individual compounds. The compound TA4 inhibited the angio-
genesis at an interval of 2 and 18 h (Table 4 and Figure 5). This evinced that the compound has 
the good anti-angiogenic potentiality which could be explored as anticancer agents.

4. Discussion

In our current scenario there are many new and interesting bioactive metabolites applied as anti-
biotics, antiviral, anticancer and antioxidant compounds, which are of pharmaceutical, industrial 
and agricultural importance. Those have been investigated, reported and characterized from sev-
eral fungal endophytes especially from medicinal plants/trees. Endophytic fungi have the ability 
to pulse up a plethora of secondary metabolites, typically dependent on the stage of development 
and environmental factors ranging from nutrient concentrations to light and temperature. The 
biosynthesis of pigmented secondary metabolite(s) is directly related to cultural conditions that 
include biomass in the production phase and duration of the incubation periods [14].

An investigation of Strobel and Daisy [15] suggested the endophytic fungi since such plants 
may harbor unique and rare endophytes capable of producing important bioactive metabo-
lites with multiple applications. First and foremost pharmaceutical applied drug Taxol, an 
anticancer drug was derived from Taxus, a gymnosperm is an important anticancer plant. 
Several endophytic fungi isolated from Taxus spp., worldwide have been reported to produce 
important bioactive metabolites [16, 17]. This current investigation is focused to produce 
the pigmented crude secondary metabolites and purify a bioactive compound through the 
antioxidant assessment which could be taken for anticancer applications by in vitro and in 
vivo studies. The isolated and identified endophytic fungus FC36AY1 was a prospective and 
potential strain on analyzing antagonistic and preliminary antioxidant analysis. The fungus 
explored highest activity in both the assessment. The antagonism revealed the extent of this 
analysis ability increased as the endophytic fungal colonies matured when compared to 
immature colonies. The significant inhibition in the growth of fungi without direct contact 
of mycelia suggests that the prevailing antagonisms may be due to the production of inhibi-
tory substances by the fungi or due to the competition for nutrients or both [18]. However, 
the mechanisms of inhibition in colony growth of the tested fungi were not addressed in 
our studies. This was similar to the investigation of Tayung et al. [17] investigated an endo-
phytic fungus Fusarium sp. with highest antimicrobial and antioxidant analysis isolate from 
India. The potential strain was taken for the identification which showed up the organism 
was Aspergillus terreus FC36AY1 with the NCBI BankIt ID accession number was KY807648.

The study focused to produce the mass cultivation of pigmented crude secondary metabolites 
using SDB as production medium on which the strain FC36AY1 produced about 2.31 U/g in 
1 L of production medium. The produced crude pigments were extracted using acetone as sole 
solvent from the fungal mat (biomass). This was similar to the study of Mani et al. [7] which 
explored that the extraction of pigmented secondary metabolites was done only in mid polar 
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solvents. The crude pigmented metabolites were experimented for the purification process 
through HPLC analysis on which the crude was separated into 6 different fractions. Those frac-
tions were taken for the assessment of antimicrobial and antioxidant activities. The 4th fraction 
TA4 was found to scavenge more free radicals at minimum concentration in a dose dependent 
manner and this was similar to the investigation of Samaga et al. [19]. In living organisms, oxi-
dative stress created by reactive oxygen species (ROS) resulting from metabolism, in the form 
of superoxide anion (O−2), hydroxyl radical (·OH), hydrogen peroxide (H2O2) and nitric oxide 
(NO) leads to conditions like cancer, stroke, myocardial infarctions, diabetes, septic and hemor-
rhagic shock, and neurodegenerative diseases by inducing biomolecular oxidations. Therefore, 
effective free radical scavenging molecules are needed by food and pharmaceutical industries. 
The fraction TA4 exhibited effective free radical scavenging activity comparable with that of 
BHA. The free radical scavenging activity of this particular fraction could be attributed to 
the presence of phenolic compounds [7]. This fraction was taken for the elucidation purpose 
through FT-IR and GC-MS analysis, on which TA4 showed similarity with 96–100% for the mass 
spectra of the compound and FT-IR exhibited the functional groups present in the compound 
and this was similar to the study of Liu et al. [11]. From this characterization, we found that 
the compound was octadecenoic acid 4-hydroxy methyl ester C19H38O3. This compound was 
taken for cytotoxicity analysis on HT-29 colon cancer cell lines, the compound TA4 explored its 
activity by showing a promising strategy of killing the cancer cells in an efficient manner. This 
was similar to the study of Devi and Prabakaran [20] in which they had experimented on four 
different cancer cell lines by using a potential bioactive compound from endophytic fungus.

The compound was taken for determination of anti-angiogenesis on chick embryo and this HET-
CAM test exhibited maximum anti-angiogenesis by inhibiting maximum number of blood ves-
sels. This manifesting that the compound TA4 has the ability to target the cancer cells and destruct 
by inhibiting the angiogenesis mechanism which is an important thing in oncology. The drug 
should have the ability to kill the cancer cells and also destruct the angiogenesis mechanism which 
could lead to metastasis i.e., taking the cancer cells to other parts of the body through the blood 
vessels and colonize in some particular area of the human body. In this case, we have found a 
potential bioactive compound from an efficient endophytic fungus possessing the ability to target 
the angiogenesis and avoid the metastasis. This is the first report that a bioactive compound TA4 
from A. terrus FC36AY1 possessing the ability of anti-angiogenesis which was identified through 
HET-CAM analysis. From this investigation, we are concluding the compound TA4 evincing the 
ability to target the cancer cells and also it possess multi-functionality in medicinal fields.

5. Conclusion

The current scenario of the biotechnological research is searching for a new natural drug 
which could efficiently target on different diseases. This research mainly focuses on cancer 
study by isolating and characterizing a bioactive compound which exhibit its cytotoxicity 
and anti-angiogenesis against cancer cell lines. The compound TA4 manifested its charac-
teristics by exploring its activities in different analysis. Finally, this investigation concludes 
that the compound TA4 has broad variety of bio-activities which emphasis in pharma and 
medicinal fields.
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Abstract

Methylparaben is a commonly used antimicrobial in cosmetics that has been shown to 
have negative effects on mammalian cells. Human melanoma M624 cells were treated 
with 1 and 5 mM methylparaben in the presence and absence of 25 mJ/cm2 ultraviolet 
B (UV-B) light. Cell proliferation assays showed that 5 mM methylparaben was toxic 
to M624 cells after 24 hours. Apoptotic signaling pathways were analyzed via isolation 
of separate cellular compartments and protein analysis via western blot. Upon 5 mM 
methylparaben treatment, PARP I was cleaved indicating apoptosis, which was medi-
ated by the TNF-α receptor activated in the lipid rafts of the M624 cells. Upon 25 mJ/cm2 
UV-B radiation, PARP II was activated indicating cellular damage, cytochrome c was 
released from the mitochondria, and caspase-3 was expressed. Upon combinatory treat-
ment with 5 mM methylparaben and 25 mJ/cm2 UV-B, apoptosis was induced through 
mitochondrial release of cytochrome c, expression of caspase-3 and cleavage of PARP 
I, while methylparaben-induced TNF-α receptor activation and UV-B-induced PARP II 
activation was inhibited., demonstrating that antimicrobial methylparaben in cosmetics 
can cause damage to cells.

Keywords: methylparaben, ultraviolet light, apoptosis

1. Introduction

Paraben compounds are antimicrobials used in cosmetics as preservatives due to their broad 
antimicrobial functions and their ability to meet the criteria for an ideal preservative [1]. 
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Abstract

Methylparaben is a commonly used antimicrobial in cosmetics that has been shown to 
have negative effects on mammalian cells. Human melanoma M624 cells were treated 
with 1 and 5 mM methylparaben in the presence and absence of 25 mJ/cm2 ultraviolet 
B (UV-B) light. Cell proliferation assays showed that 5 mM methylparaben was toxic 
to M624 cells after 24 hours. Apoptotic signaling pathways were analyzed via isolation 
of separate cellular compartments and protein analysis via western blot. Upon 5 mM 
methylparaben treatment, PARP I was cleaved indicating apoptosis, which was medi-
ated by the TNF-α receptor activated in the lipid rafts of the M624 cells. Upon 25 mJ/cm2 
UV-B radiation, PARP II was activated indicating cellular damage, cytochrome c was 
released from the mitochondria, and caspase-3 was expressed. Upon combinatory treat-
ment with 5 mM methylparaben and 25 mJ/cm2 UV-B, apoptosis was induced through 
mitochondrial release of cytochrome c, expression of caspase-3 and cleavage of PARP 
I, while methylparaben-induced TNF-α receptor activation and UV-B-induced PARP II 
activation was inhibited., demonstrating that antimicrobial methylparaben in cosmetics 
can cause damage to cells.

Keywords: methylparaben, ultraviolet light, apoptosis

1. Introduction

Paraben compounds are antimicrobials used in cosmetics as preservatives due to their broad 
antimicrobial functions and their ability to meet the criteria for an ideal preservative [1]. 
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However, the side effects of paraben use include increased estrogenic activity of receptors, 
sensitization of broken skin, endocrine disruptive effects and adverse reproductive effects [2]. 
The paraben group of compounds includes methyl, ethyl, butyl, heptyl, and benzyl parabens. 
Methylparaben, a methylester of p-hydroxybenzoic acid, is the most widely used paraben in 
topical skin products [3]. Studies have recently shown that small amounts of methylparaben 
remain unhydrolyzed in the epidermis [4]. Handa et al. has been the first to describe the 
effects of methylparaben and ultraviolet B (UV-B) radiation as detrimental to human skin 
HaCaT keratinocytes [3].

Handa et al. studied HaCaT keratinocytes treated with UV-B and methylparaben. HaCaT 
keratinocytes were cultured in methylparaben-containing medium concentrations of 19.7, 
1.97, and 0.197 mM (0.3, 0.03, and 0.003%) for 24 hours, exposed to UV-B (15 or 30 mJ/cm2) 
and further cultured for another 24 hours. The use of parabens in cosmetic products is permit-
ted up to 0.8% (w/w), however the concentration in cosmetics is typically less than 0.32% [4]. 
Cellular viability, cell death, oxidative stress, nitric oxide production, cellular lipid peroxida-
tion, and activation of nuclear factor kappa B and activator protein-1 were studied, demon-
strating that methylparaben treatment increases cell death when the cells are exposed to UV-B 
and that the detrimental potential of methylparaben is dose and time dependent [3].

Ultraviolet B radiation (290–320 nm) is the main cause of tumor initiation and promotion [5].  
UV-B is 1000 times more likely than UVA to cause sunburn and is also known to cause mela-
noma: while some of the harmful UV-B rays are absorbed by the ozone layer, some still penetrate 
the atmosphere, causing sunburns that lead to skin cancer.

Melanoma is the deadliest of the skin cancers and accounts for approximately three fourths of 
all skin cancer deaths [6]. Forms of melanoma currently being diagnosed and treated include 
superficial spreading melanoma (most common), lentigo maligna, lentiginous melanoma and 
nodular melanoma. The mechanism for UV-B-induced cancer can be attributed to the dys-
regulation of apoptosis, or programmed cell death. Apoptosis is a fundamental mechanism 
characterized by cell shrinkage, membrane blebbing, nuclear breakdown, and DNA frag-
mentation that is needed for embryonic development, tissue homeostasis, immune defense, 
and elimination of harmful cells [7]. Ultimately, the cell and its contents are broken down to 
membrane bound fragments that are phagocytosed by adjacent cells [8]. The apoptotic path-
way is regulated by death receptor-mediated extrinsic pathways and mitochondria-mediated 
intrinsic pathways [9]. The dysregulation of apoptosis can result in pathophysiological states 
and diseases, such as cancer [7]. Dysregulation in the UV-B-induced apoptosis may also have 
a major impact on photocarcinogenesis [10].

The PARP protein is an indicator of apoptosis. PARP I cleavage is an indication of induced 
apoptosis, while PARP II expression is an indicator of advanced cellular damage. PARP I and 
PARP II are activated by DNA interruptions and are involved in cell survival/death, tran-
scription, DNA repair, and cell division [11, 12]. They act as both damage sensors and signal 
transducers to down-stream effectors [11, 13]. PARP I and PARP II also function to signal the 
cell to undergo apoptosis when the amount of DNA damage is beyond repair capacity [13].  
PARP I will cleave into 89- and 24-kDa fragments that contain the active site and the DNA-
binding domain of the enzyme during apoptosis. The caspase cascade is an important 
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apoptotic signaling pathway, and caspase-3 is known to be responsible for the cleavage of 
PARP I during cell death. The sequence at which caspase-3 cleaves PARP I is well conserved 
in distant species, indicating an important role for PARP I cleavage in apoptosis [14].

One major regulator of apoptosis is the mitochondria through release of apoptotic factors, such 
as cytochrome c, through permeabilization of the outer mitochondrial membrane. The rapid 
increase in permeability causes depolarization, uncoupling of oxidative phosphorylation, 
and mitochondrial swelling [8]. The mitochondrial pathway of apoptosis through the mito-
chondrial permeability transition is important for the elimination of UV-B-damaged human 
keratinocytes [15]. Cytochrome c is a soluble protein that participates in the electron transfer 
between complex III and complex IV of the respiratory chain in a normal functioning cell [16]. 
However, an apoptotic signal can lead to the release of cytochrome c from the intermembrane 
space of the mitochondria into the cytosol. Cells undergoing apoptosis may have an eleva-
tion of cytochrome c in the cytosol and a corresponding decrease in the mitochondria [17].  
Once released, cytochrome c can bind to the adaptor molecule apoptotic protease activating 
factor-1 (Apaf-1) and can subsequently activate caspase-9 or caspase-8. Finally, caspase-3 can 
be activated which is the irreversible point in the mitochondrial apoptosis pathway [9].

Another important regulator of apoptotic induction in the cell is contents of the lipid raft 
domains. Lipid rafts contain plasma membrane proteins compartmentalized into sphingo-
lipid- and cholesterol-rich microdomains and function as platforms for signal transduction [18].  
These lipid raft domains are dynamic, float freely within the bilayer and coalesce upon clus-
tering of their components [19]. Sphingolipids and cholesterol are necessary for the assembly 
of the lipid raft compartments [20]. Lipid rafts and associated proteins are known to be impor-
tant in the pathogenesis of several diseases, including cancer progression. In the lipid rafts, 
caveolin-1 functions through direct protein–protein interactions to regulate diverse cellular 
processes, including raft-mediated endocytosis, vesicular transport, cell migration, and signal 
transduction [21]. An upregulation of caveolin-1 expression in clinical studies was associated 
with the occurrence of metastasis [22]. Caveolin-1 is a lipid raft indicator protein because it 
is a cholesterol binding protein. This is important because the integrity of the lipid raft is 
dependent on the ability of cholesterol to pack tightly with the saturated sphingolipids [23]. 
TNF-α binds to the TNF receptor (TNFR) to initiate apoptosis [24]. TNF-α is a pleiotropic 
cytokine that can signal for proliferation, stress, inflammation, and cell death [8]. The TNF 
pathway occurs in a number of different cell types [25]. Cytochrome c is located downstream 
in the tumor necrosis factor  α  (TNF- α ) apoptotic pathway.

While Handa et al. demonstrated the apoptotic effects of methylparaben in normal skin cells, 
this study examines the apoptotic signaling pathways activated by methylparaben in cancer-
ous melanoma cells, as well as the role (or absence of role) of the mitochondria and lipid raft 
domains in these signaling pathways. In this study, we have analyzed the expression and 
activation of the nuclear apoptotic indicator PARP I, PARP II, and cleaved PARP proteins, as 
well as the expression of TNF- α  receptor in the lipid rafts in UV-B and methylparaben-treated 
human M624 melanoma cells. In addition, the expression of caspase-3 and the expression 
and location of cytochrome c were also analyzed under these cellular conditions in order to 
fully characterize the cell signaling pathway activated by the cosmetic antimicrobial agent 
methylparaben.
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apoptotic signaling pathway, and caspase-3 is known to be responsible for the cleavage of 
PARP I during cell death. The sequence at which caspase-3 cleaves PARP I is well conserved 
in distant species, indicating an important role for PARP I cleavage in apoptosis [14].

One major regulator of apoptosis is the mitochondria through release of apoptotic factors, such 
as cytochrome c, through permeabilization of the outer mitochondrial membrane. The rapid 
increase in permeability causes depolarization, uncoupling of oxidative phosphorylation, 
and mitochondrial swelling [8]. The mitochondrial pathway of apoptosis through the mito-
chondrial permeability transition is important for the elimination of UV-B-damaged human 
keratinocytes [15]. Cytochrome c is a soluble protein that participates in the electron transfer 
between complex III and complex IV of the respiratory chain in a normal functioning cell [16]. 
However, an apoptotic signal can lead to the release of cytochrome c from the intermembrane 
space of the mitochondria into the cytosol. Cells undergoing apoptosis may have an eleva-
tion of cytochrome c in the cytosol and a corresponding decrease in the mitochondria [17].  
Once released, cytochrome c can bind to the adaptor molecule apoptotic protease activating 
factor-1 (Apaf-1) and can subsequently activate caspase-9 or caspase-8. Finally, caspase-3 can 
be activated which is the irreversible point in the mitochondrial apoptosis pathway [9].

Another important regulator of apoptotic induction in the cell is contents of the lipid raft 
domains. Lipid rafts contain plasma membrane proteins compartmentalized into sphingo-
lipid- and cholesterol-rich microdomains and function as platforms for signal transduction [18].  
These lipid raft domains are dynamic, float freely within the bilayer and coalesce upon clus-
tering of their components [19]. Sphingolipids and cholesterol are necessary for the assembly 
of the lipid raft compartments [20]. Lipid rafts and associated proteins are known to be impor-
tant in the pathogenesis of several diseases, including cancer progression. In the lipid rafts, 
caveolin-1 functions through direct protein–protein interactions to regulate diverse cellular 
processes, including raft-mediated endocytosis, vesicular transport, cell migration, and signal 
transduction [21]. An upregulation of caveolin-1 expression in clinical studies was associated 
with the occurrence of metastasis [22]. Caveolin-1 is a lipid raft indicator protein because it 
is a cholesterol binding protein. This is important because the integrity of the lipid raft is 
dependent on the ability of cholesterol to pack tightly with the saturated sphingolipids [23]. 
TNF-α binds to the TNF receptor (TNFR) to initiate apoptosis [24]. TNF-α is a pleiotropic 
cytokine that can signal for proliferation, stress, inflammation, and cell death [8]. The TNF 
pathway occurs in a number of different cell types [25]. Cytochrome c is located downstream 
in the tumor necrosis factor  α  (TNF- α ) apoptotic pathway.

While Handa et al. demonstrated the apoptotic effects of methylparaben in normal skin cells, 
this study examines the apoptotic signaling pathways activated by methylparaben in cancer-
ous melanoma cells, as well as the role (or absence of role) of the mitochondria and lipid raft 
domains in these signaling pathways. In this study, we have analyzed the expression and 
activation of the nuclear apoptotic indicator PARP I, PARP II, and cleaved PARP proteins, as 
well as the expression of TNF- α  receptor in the lipid rafts in UV-B and methylparaben-treated 
human M624 melanoma cells. In addition, the expression of caspase-3 and the expression 
and location of cytochrome c were also analyzed under these cellular conditions in order to 
fully characterize the cell signaling pathway activated by the cosmetic antimicrobial agent 
methylparaben.
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2. Materials and methods

2.1. Cell culture and treatment

Transformed M624 human melanoma cells were obtained from Dr. Shiyong Wu’s laboratory 
(Edison Biotechnology Institute, Ohio University, Ohio, USA) and originally generated by 
the National Institute of Health (NIH) (USA). Cells were cultured in DMEM supplemented 
with fetal bovine serum (FBS) (10%) and penicillin/streptomycin (1%). At 80% cell conflu-
ency, cells were treated with methylparaben and UV-B. Cells were incubated with 1 or 5 mM 
methylparaben in media including supplements for 2 hours. The methylparaben media was 
removed while treating the cells with 25 mJ/cm2 UV-B radiation and replaced after radiation, 
and then incubated for another 4 hours before cell lysis.

2.2. Cell proliferation assays

Cells were plated at approximately 25% confluency and then treated with methylparaben 
and UV-B radiation as described above, except paraben solutions were allowed to incubate 
for 24 hours and then viable cells were stained using 0.5% crystal violet solution. Results are 
averaged from three independent trials.

2.3. Protein samples

Whole Cell Lysate Preparation Cells were washed three times with cold, 1X Phosphate Buffered 
Saline (PBS) (10 mM phosphate). Cells were then placed in a −20°C freezer for at least 2 hours, 
removed, and washed once more with PBS. TNET lysis buffer (25 mM Tris–HCl pH 7.5, 
150 mM NaCl, 5 mM EDTA, and 0.1% Triton X-100) was mixed with protease inhibitors and 
added to the cells. The solution containing cells was homogenized with 23 gauge needles and 
syringes and centrifuged at low speed after which supernatant was collected.

2.4. Lipid raft isolation

Lipid rafts were prepared as previously described [26]. Briefly, 3,3′-dithiobis (sulfosuccinimi-
dyl propionate) (DTSSP) (1.25 m M) was added to each plate of cells after UV-B and methyl-
paraben treatment and incubated for 1 hour at 4°C. The cells were then collected and frozen 
overnight. Cells were washed and lysed as described above to prepare samples and placed in 
an iodixanol solution gradient and ultra-centrifuged for 5 hours. Fractions were collected and 
the lipid rafts were present in fraction two, indicated by the presence of caveolin-1 protein.

2.5. Mitochondrial isolation

Cells were washed with PBS and suspended in an isotonic buffer (10 mM Hepes, pH 7.4, 0.2 M 
mannitol, 0.07 M sucrose) supplemented with protease inhibitors. Samples were homoge-
nized and then centrifuged at 900× g for 5 minutes. Then cells were centrifuged at 10,000× g 
for 30 minutes at 4      °  C to obtain the heavy membrane pellet. Samples were re-suspended in an 
SEM buffer (250 mM Sucrose, 1 mM EDTA, 10 mM MOPS-KOH, pH 7.2).
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2.6. Sample preparation

Samples were prepared by adding protein loading buffer (0.25 M Tris, pH 6.8, 10% sodium 
dodecyl sulfate, 0.05% bromophenol blue, 50% glycerol, 10 mM  β -mercaptoethanol). The 
samples were vortexed, boiled for 5 minutes, vortexed and then stored at −20°C.

2.7. SDS-page

SDS-PAGE was performed using a 15% separating gel and 4% stacking gel to create a gel 
with 1.0 mm thickness. Protein samples were separated at 200 volts for 45 minutes and then 
transferred to a nitrocellulose membrane via wet transfer at 100 volts for 35 minutes. After the 
transfer, the nitrocellulose membrane was blocked using dried non-fat milk in 1× tris buffered 
saline with 0.05% Tween (TBS-T) for 20 minutes.

2.8. Western blot

Western blot was performed using  β -actin primary antibody (122 M4782, Sigma, St. Louis, 
MO) for 3 hours followed by three rinse wash cycles and then probed with anti-mouse sec-
ondary antibody (Santa Cruz Biotechnology, sc-2371) for 1 hour. PARP protein expression 
and cleavage was detected by probing overnight with PARP primary antibody (MA5–15031, 
Thermo Fisher Scientific, Waltham, MA) and anti-rabbit secondary antibody (32,260, Thermo 
Fisher Scientific, Waltham, MA). Caveolin-1 protein expression was detected by probing over-
night with caveolin-1 primary antibody (sc-894, Santa Cruz Biotechnology, Dallas, TX) and 
anti-rabbit secondary antibody. TNF R1 protein expression was detected by probing over-
night with TNF R1 primary antibody (sc-7418, Santa Cruz Biotechnology, Dallas, TX) and 
anti-mouse secondary antibody. Cytochrome c protein expression was detected by probing 
with cytochrome c HRP-conjugated primary antibody (sc-13,156, Santa Cruz Biotechnology, 
Dallas, TX) overnight. Caspase-3 protein expression was detected by probing overnight with 
Caspase-3 primary antibody (sc-7418, Santa Cruz Biotechnology, Dallas, TX) and anti-rabbit 
secondary antibody. All overnight incubations were performed shaking at 5°C; all other incu-
bations were performed shaking at room temperature. Protein expression was visualized via 
chemiluminescence (SuperSignal West Pico Chemiluminescent Substrate).

3. Results

The toxicity of methylparaben and UV-B light to human melanoma M624 cells was initially 
analyzed using a clonogenic cell proliferation assay (Figure 1). The effects of methylparaben 
and UV-B light on apoptotic pathways in M624 cells were then investigated by analyzing 
expression of PARP and caspase-3 and cleavage of PARP in the whole cell lysate samples, 
TNF- α  expression in the lipid rafts, and cytochrome c expression in both mitochondrial and 
regular lysate samples, via SDS-PAGE and western blot (Figures 2–4).

Human M624 melanoma cells were treated with methylparaben (1 and 5 mM) and 25 mJ/cm2 
UV-B. The 5 mM concentration of methylparaben and the 25 mJ/cm2 UV-B were each shown 
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to be toxic to the M624 human melanoma cells after 24 hours (Figure 1). The combination of 
methylparaben treatment and UV-B radiation showed amplified toxicity, even at the 1 mM 
paraben concentration level after 24 hours; 1 mM methylparaben alone was nontoxic to the 
cells (Figure 1).

Results showed that 5 mM methylparaben induced PARP I cleavage (lane 3), while 25 mJ/cm2 
UV-B induced PARP II expression instead (lane 4). When cells were treated with UV-B and 

Figure 1. Phototoxicity studies: Crystal violet proliferative assay: cells were treated with methylparaben and UV-B 
radiation and then stained with a 0.5% crystal violet solution after 24 hours.

Figure 2. Western blot of whole cell lysate protein samples of PARP I, and cleaved PARP I, PARP II, cytochrome c and 
caspase 3. Samples were standardized using β-actin western blot.
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5 mM methylparaben, UV-B-induced PARP II expression was completely inhibited (lane 6)  
while UV-B and 1 mM methylparaben partially inhibited the PARP II expression. Overall, 
methylparaben at 5 mM had an impact on PARP cleavage with and without UV-B and was 
able to inhibit UV-B-induced PARP II expression (Figure 2).

Cytochrome c protein expression in the whole cell and mitochondrial lysate samples was 
analyzed using  β -actin standardized loading amounts. Cytochrome c expression was reduced 
in the whole cell lysate samples treated with 5 mM methylparaben and 5 mM methylpara-
ben plus UV-B (Figure 2, lanes 3 and 6 versus lane 1) while cytochrome c expression in the 
mitochondrial lysate 5 mM methylparaben sample was relatively unchanged compared to the 
expression seen in the control mitochondrial lysate sample (Figure 3, lane 3 versus lane 1). 
UV-B radiation caused a decrease in cytochrome c in the mitochondrial samples treated with 
or without methylparaben (Figure 3, lanes 4, 5 and 6 versus lane 1).

Caspase-3 expression was analyzed in whole cell lysate samples using  β -actin standardized 
loading amounts. It was shown that caspase-3 expression was decreased when the M624 
human melanoma cells were treated with 5 mM methylparaben, 1 mM methylparaben plus 
UV-B radiation, and 5 mM methylparaben plus UV-B radiation when compared to the control 

Figure 4. Western blot of lipid raft protein samples of TNF-α. Samples were standardized using caveolin-1 western blot.

Figure 3. Western blot of mitochondrial protein samples of cytochrome c. Samples were standardized using β-actin 
western blot.
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to be toxic to the M624 human melanoma cells after 24 hours (Figure 1). The combination of 
methylparaben treatment and UV-B radiation showed amplified toxicity, even at the 1 mM 
paraben concentration level after 24 hours; 1 mM methylparaben alone was nontoxic to the 
cells (Figure 1).

Results showed that 5 mM methylparaben induced PARP I cleavage (lane 3), while 25 mJ/cm2 
UV-B induced PARP II expression instead (lane 4). When cells were treated with UV-B and 

Figure 1. Phototoxicity studies: Crystal violet proliferative assay: cells were treated with methylparaben and UV-B 
radiation and then stained with a 0.5% crystal violet solution after 24 hours.

Figure 2. Western blot of whole cell lysate protein samples of PARP I, and cleaved PARP I, PARP II, cytochrome c and 
caspase 3. Samples were standardized using β-actin western blot.
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5 mM methylparaben, UV-B-induced PARP II expression was completely inhibited (lane 6)  
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ben plus UV-B (Figure 2, lanes 3 and 6 versus lane 1) while cytochrome c expression in the 
mitochondrial lysate 5 mM methylparaben sample was relatively unchanged compared to the 
expression seen in the control mitochondrial lysate sample (Figure 3, lane 3 versus lane 1). 
UV-B radiation caused a decrease in cytochrome c in the mitochondrial samples treated with 
or without methylparaben (Figure 3, lanes 4, 5 and 6 versus lane 1).

Caspase-3 expression was analyzed in whole cell lysate samples using  β -actin standardized 
loading amounts. It was shown that caspase-3 expression was decreased when the M624 
human melanoma cells were treated with 5 mM methylparaben, 1 mM methylparaben plus 
UV-B radiation, and 5 mM methylparaben plus UV-B radiation when compared to the control 
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sample (Figure 2, lanes 3, 5 and 6 versus lane 1). On the other hand, caspase-3 expression was 
greater in the sample treated with UV-B radiation when combined with 5 mM methylparaben 
treatment compared to 5 mM methylparaben treatment alone (Figure 2, lane 6 versus lane 3).

After standardizing the lipid raft samples via caveolin-1, TNF- α  receptor expression in the 
lipid raft fraction was analyzed. Western blot analysis revealed that the expression of TNF- α  
receptor was increased in the cells treated with 5 mM of methylparaben compared with con-
trol cells (Figure 4, lane 3 versus lane 1). This methylparaben-induced increase in expression 
was inhibited in cells treated with UV-B light (Figure 4, lane 6 versus lane 3).

4. Discussion

Melanoma is the deadliest of the skin cancers and accounts for approximately three fourths 
of all skin cancer deaths [6]. Previous research performed by Handa et al. has shown the det-
rimental effects of methylparaben and UV-B treatment on HaCaT cells [3]. This study is the 
first to demonstrate the effects of methylparaben and UV-B in M624 human melanoma cells.

Phototoxicity studies performed on M624 human melanoma cells have shown that 5 mM 
methylparaben is toxic to M624 cells and UV-B exposure increases this toxicity (Figure 1). The 
PARP protein is an indicator of apoptosis: DNA interruptions activate PARP I and PARP II;  
PARP I cleavage is an indicator that apoptosis has been induced and PARP II expression is 
an indicator of cellular damage. PARP I and PARP II function to signal the cell to undergo 
apoptosis when the amount of DNA damage is beyond the repair capacity [13]. Results indi-
cate that apoptosis occurred after 5 mM methylparaben and 5 mM methylparaben plus UV-B 
treatment due to the increased cleavage of PARP I. PARP II expression was induced after 
25 mJ/cm2 UV-B treatment indicated cellular damage. UV-B-induced PARP II expression was 
partially inhibited in the cells treated with 1 mM methylparaben and completely inhibited 
in the cells treated with 5 mM methylparaben, indicating that PARP II is not involved in the 
signaling pathway activated by 5 mM methylparaben in combination with UV-B radiation 
and that methylparaben-induced apoptosis is concentration-dependent (Figure 2).

Since cleavage of PARP I indicates that apoptosis was occurring in cells treated with methyl-
paraben, and activation of PARP II indicates cellular damage was occurring in cells treated 
with methylparaben and UV-B radiation, the involvement of the mitochondria and the lipid 
rafts in the signaling pathways was then analyzed.

The apoptotic signal can be propagated through an intrinsic mitochondrial response that 
causes permeabilization of the outer mitochondrial membrane in order to release cytochrome 
c into the cytosol [7]. Analysis of cytochrome c in both whole cell and mitochondrial isolated 
samples enabled determination of the movement of cytochrome c under different treatment 
conditions. Most notably, there were changes in cytochrome c expression in the cells treated 
with 5 mM methylparaben compared to the cells treated with UV-B light radiation with or 
without methylparaben. In the 5 mM methylparaben treated sample, cytochrome c expression 
remained unchanged in the mitochondrial lysate while there was decreased expression of 
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cytochrome c in the whole cell lysate sample upon 5 mM methylparaben treatment indicating 
no release of cytochrome c from the mitochondria in these cells. On the other hand, UV-B 
light treatment showed a decreased cytochrome c expression in the mitochondrial isolated 
sample while the whole cell lysate sample showed an increased or unchanged cytochrome c 
expression in cells treated with or without methylparaben indicating a UV-B-induced apop-
totic release of cytochrome c from the mitochondria.

The same pattern of expression was seen with caspase-3, indicating caspase-3 activation upon 
release of cytochrome c from the mitochondria in cells treated with UV-B and UV-B with 
5 mM methylparaben. However, 5 mM methylparaben treatment alone inhibited caspase-3 
expression. These results suggest that both UV-B light and UV-B light radiation in addition to 
the 5 mM methylparaben treatment results in M624 human melanoma cells taking a different 
apoptotic pathway in comparison to cell treatment with only 5 mM methylparaben. When 
human melanoma M624 cells are exposed to UV-B light or both 5 mM methylparaben and 
UV-B light, apoptosis occurs through the intrinsic pathway as indicated with the release of 
cytochrome c from the mitochondria and expression of caspase-3. In comparison, treatment 
with only 5 mM methylparaben does not result in the release of cytochrome c from the mito-
chondria into the cytosol or caspase-3 expression (Figures 2 and 3).

The TNF- α  receptor expression in the lipid rafts of M624 melanoma cells induced by meth-
ylparaben and UV-B radiation was analyzed by western blot analysis of lipid raft samples. 
Results show that apoptosis was initiated through the TNF- α  receptor when treated with 
5 mM methylparaben, but the involvement of the TNF-α receptor was inhibited in the pres-
ence of UV-B light. The integrity of the lipid raft is dependent on the ability of cholesterol 
to pack tightly with the saturated sphingolipids [23]. Caveolin-1 in the lipid rafts binds to 
cholesterol, which is necessary for the assembly of the lipid raft components [20]. Caveolin-1 
expression was used to standardize the lipid raft samples in order to examine the expres-
sion of the TNF-α receptor in the lipid rafts of cells. TNF- α  commonly initiates apoptosis by 
binding to the TNF-α receptor [24]. The activation of TNF-α receptor can lead to formation of 
TNFR1-associated death domain protein (TRADD). TRADD recruits Fas-associated protein 
with death domain (FADD) and leads to caspase activation and apoptosis [27]. Death domain 
formation occurs only when TNF-α receptor is translocated into lipid raft domains [19]; there-
fore, the expression of the receptor in the lipid rafts was analyzed. Results showed expression 
of TNF- α  receptor in the lipid rafts of cells treated with 5 mM methylparaben, which was 
inhibited in the presence of UV-B radiation (Figure 4). These results suggest an alternate TNF- α   
apoptotic pathway that does not involve the release of cytochrome c from the mitochondria 
into the cytosol or expression of caspase-3.

TNF- α  apoptotic pathways exist that do not cause the release of cytochrome c from the mito-
chondria that should be investigated in future studies. One of these TNF- α  apoptotic pathway 
involves inhibition of NF- κ B to allow JNK to induce caspase 8-independent cleavage of Bid to 
produce jBid. jBid then translocates into the mitochondria to induce the release of Smac, but 
not cytochrome c. [27, 28]. This research and future steps in this project are important to the 
understanding of the apoptotic pathway in human M624 melanoma cells when treated with 
methylparaben and UV-B radiation.
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cytochrome c in the whole cell lysate sample upon 5 mM methylparaben treatment indicating 
no release of cytochrome c from the mitochondria in these cells. On the other hand, UV-B 
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with only 5 mM methylparaben does not result in the release of cytochrome c from the mito-
chondria into the cytosol or caspase-3 expression (Figures 2 and 3).
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5 mM methylparaben, but the involvement of the TNF-α receptor was inhibited in the pres-
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to pack tightly with the saturated sphingolipids [23]. Caveolin-1 in the lipid rafts binds to 
cholesterol, which is necessary for the assembly of the lipid raft components [20]. Caveolin-1 
expression was used to standardize the lipid raft samples in order to examine the expres-
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binding to the TNF-α receptor [24]. The activation of TNF-α receptor can lead to formation of 
TNFR1-associated death domain protein (TRADD). TRADD recruits Fas-associated protein 
with death domain (FADD) and leads to caspase activation and apoptosis [27]. Death domain 
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5. Conclusion

This study has demonstrated cell damage, cellular apoptosis and cellular damage upon expo-
sure to the cosmetic antimicrobial methylparaben. In summary, results show that upon 5 mM 
methylparaben treatment, PARP I was cleaved indicating apoptosis, which was mediated by 
the TNF-α receptor activated in the lipid rafts of the M624 cells (Figure 5a). Upon 25 mJ/cm2 

Figure 5. Apoptotic pathways: (a) apoptotic proteins activated by 5 mM methylparaben; (b) apoptotic proteins activated 
by 25 mJ/cm2 UV-B; (c) apoptotic proteins activated by combination of 5 mM methylparaben and 25 mJ/cm2 UV-B.
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UV-B radiation, PARP II was activated indicating cellular damage, cytochrome c was released 
from the mitochondria, and caspase-3 was expressed in the cell (Figure 5b). Upon combi-
natory treatment with 5 mM methylparaben and 25 mJ/cm2 UV-B, apoptosis was induced 
through mitochondrial release of cytochrome c, expression of caspase-3 (and the caspase 
cascade) and cleavage of PARP I (Figure 5c). Differences in signaling pathways treated with 
1 versus 5 mM methylparaben suggest concentration-dependent activation of apoptosis in 
M624 cells. Future studies will further elucidate the details of the signaling pathways through 
analysis of additional apoptotic proteins and lipids of the cells.
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UV-B radiation, PARP II was activated indicating cellular damage, cytochrome c was released 
from the mitochondria, and caspase-3 was expressed in the cell (Figure 5b). Upon combi-
natory treatment with 5 mM methylparaben and 25 mJ/cm2 UV-B, apoptosis was induced 
through mitochondrial release of cytochrome c, expression of caspase-3 (and the caspase 
cascade) and cleavage of PARP I (Figure 5c). Differences in signaling pathways treated with 
1 versus 5 mM methylparaben suggest concentration-dependent activation of apoptosis in 
M624 cells. Future studies will further elucidate the details of the signaling pathways through 
analysis of additional apoptotic proteins and lipids of the cells.
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Abstract

The chapter “Indomethacin from Anti-inflammatory to Anticancer Agent” covers the 
recent reports regarding the implication of COX-2/PGE2 in multiple cancer cell prolif-
eration to emphasize the anticancer potential of COX-inhibitors including indomethacin 
and to reveal that the reduction of PGE2 production interferes with the cancer cell prolif-
eration belongs to multiple cancer cell types. Impressively, indomethacin is involved in 
antiproliferative and apoptotic actions against cancer cell types via COX-2-independent 
mechanisms to highlight indomethacin as promising anticancer agent with dual actions 
to control the cancer cell proliferation. The cardiovascular complications result from dia-
ryl heterocycle sulfonamide/methylsulfone selective COX-2 inhibitors upon reduction in 
PGE2 and PGI2 production that affects the vascular tone limits the use of Celecoxib as 
chemopreventive agent against recurrence of colorectal carcinoma cells. Kinetic profile 
of indomethacin against COX-2 showed obvious difference from that of selective COX-2 
inhibitors in which it recovered completely from the enzyme after long time of incubation 
while COX-2 inhibitors did not recover to impress that this might be implicated in the 
cardiovascular toxicity of the selective inhibitors. This raised the concern to develop the 
indomethacin from nonselective COX- to selective COX-2-inhibitors and to assert whether 
the cardiac complications are from pharmacological class effect or chemical class effect.

Keywords: indomethacin, COX-2-independent mechanism, apoptosis, antiproliferative, 
kinetic profile

1. Introduction

Indomethacin is indole-3-acetic acid derivative, classified as nonsteriodal anti-inflammatory 
drug (NSAID). The drug is primarily used for the treatment of painful inflammatory conditions 
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that involves gout and osteoarthritis [1]. The mechanistic role of indomethacin in inhibition of 
pain has been verified by being nonselective inhibitor to cyclooxygenase-1 (COX-1) and cyclo-
oxygenase-2 (COX-2) isozymes [2]. The enzymatic activity of COX involves bis-oxygenation 
of arachidonic acid to (prostaglandin G2) PGG2, which then reduced to PGH2 in a peroxidase 
reaction by the same protein [3]. COX-1 is constitutively expressed in most tissues, to which 
the production of prostaglandins is attributed to; and COX-2, which is induced by cytokines, 
mitogens and endotoxins in inflammatory cells, is implicated to the elevated levels of pros-
taglandins during the inflammation. Prostaglandins are hormone-like mediators involved in 
the induction of pain, fever and inflammation [2]. The inhibition of indomethacin to the two 
COX isozymes with minimal selectivity to COX-2 made the drug have serious complications 
such as gastric ulcers and renal toxicity upon long-term oral administration [4, 5].

Indomethacin and the other NSAIDs were found to have significant anticancer activity against 
wide variety of cancer cell types, in vitro and in vivo [6–10]. Moreover, epidemiological studies 
reported that the use of such type of drugs is linked to the reduction of cancer risk [11–13]. 
Indomethacin performs its anticancer activity in different fashions, inhibits proliferation via 
induction of apoptic death of tumor cells [6, 9, 10], reduces tumorigenesis by enhancing the 
immune response [14, 15] and inhibiting the angiogenesis [16, 17] as well.

Interestingly, to mention that the mechanism to which the anticancer activity of NSAIDs 
including indomethacin attributed is the reduction of PGE2; a type of prostaglandins gener-
ated from the bis-oxygenation of arachidonic acid by COX-2. PGE2 contributes to the cell 
proliferation, cell cycle proliferation and cell cycle progression through various cell signaling 
mechanisms leads to induction of oncogenic genes and eventually overexpression of pro-
liferative proteins [18–22]. Recently, extensive studies on various cancer cell types includ-
ing colorectal carcinoma (CRC) justified the efficacy of indomethacin to reduce the levels of 
antiapoptotic proteins and progressive cell proliferation represented by tumor size by COX-
independent mechanisms [23–26].

After emerge and marketing of celecoxib; selective COX-2 inhibitor in December 1998, rofo-
coxib was released in 1999 worldwide then lumiracoxib and etoricoxib (Figure 1) that are 
marketed in Europe. Those inhibitors are still marketed for the treatment of inflammatory 
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disorders except for rofecoxib and lumiracoxib (the only carboxylic coxib) that were withdrawn 
due to observation of cardiovascular complications from the recommended daily dose with 
rofecoxib [27] and observation of liver failure with lumiracoxib [28]. Selective COX-2 inhibitors 
were launched to treat the individuals who cannot tolerate severe gastrointestinal responses of 
NSAIDs. A few years later, extensive preclinical and clinical data generated to report the role of 
COX-2 in tumor growth and/or metastasis [29]. Studies on experimental animals showed that 
selective COX-2 inhibitors including celecoxib block the formation, growth and metastases of 
multiple tumor types [30]. Consistently, celecoxib demonstrated dramatic chemopreventive 
efficacy against colon polyps and reduced the incidence of recurrent adenomas of any type by 
45% and of high risk lesions by 66% over a 400 mg dose twice daily for 3 years [31, 32]. One of 
the complications that should be tackled in the near future for selective COX-2 inhibitors cele-
coxib in specific is the cardiovascular complications that comes after administration of 400 mg 
twice daily to be the same as the dose recommended for chemopreventive effect to control the 
recurrence of CRC [32, 33]. The magnitude of cardiovascular complications of celecoxib limits 
its use for colon cancer prevention since the development of colon cancer is a slow process, 
so, the patients with polyps would need to take celecoxib for a long period of time to achieve 
the target protective effect. Accordingly, a question should be admitted, and should have an 
evidenced answer: Does the cardiovascular problems of selective COX-2 inhibitors class of 
anti-inflammatory agent come out of pharmacological class effect or chemical class effect? To 
my knowledge, we cannot confirm that it is pharmacological class effect and not chemical class 
effect because the chemical structure of COX-2 inhibitors that share the CVS side effects are 
Y-shaped diaryl-heterocycle sulfonamide/methylsulfonyl. Thus, it is required to develop new 
chemical class of selective COX-2 inhibitors help us be provided with verified answer to such 
important question. The answer of the question would raise the concern to the main reason(s) 
of CVS complications to tackle and eventually modify the strategy toward generation of selec-
tive COX-2 inhibitors with chemopreventive benefits against CRC and other cancer cell types.

Based on the above findings indomethacin, as nonselective COX-inhibitor could be con-
sidered strategic lead compound that worth it studying and developing to line it among 
the chemotherapeutic agents used against cancer to be either prophylactic or therapeutic 
treatment and/or even adjuvant therapy upon combination with other anticancer agents to 

Figure 1. Diarylsulfonamide/methylsulfone selective COX-2 inhibitors.
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synergize the chemotherapeutic effect [25]. The subjected insight in this book chapter regard-
ing indomethacin could be easily justified on scientific bases: (1) indomethacin is the most 
NSAID that is intensively studied as chemopreventive and chemotherapeutic agent against 
multiple cancer cell types among the other drugs of the same class to show observable results.  
(2) Indomethacin as a different chemical class when compared to selective COX-2 inhibitors,  
developing indomethacin-based selective COX-2 inhibitor to excel celecoxib would benefit in 
asserting whether the cardiovascular system (CVS) problems are originated from chemical 
class effect. In case, the reason of the cardiovascular system (CVS) complications is attributed 
to the chemical class effect and indomethacin-based developed structures are devoid of the 
complications, the patients would be largely benefited from such class of compounds, and 
it would be chemopreventive agents used for long time without developing cardiovascular 
system (CVS) complications. (3) Kinetic profile of indomethacin inhibition to COX-2 shows 
recovery after long time of tight binding to the enzyme [34], and on the other hand, selective 
COX-2 inhibitors’ kinetic profile shows no recovery even after long time of tight binding [35]. 
This obvious difference between indomethacin and selective COX-2 inhibitors in performing 
the functionally irreversible inhibition effect to COX-2 has to lead us highlighting indometha-
cin as promising base to build upon it the developed structures in a way to generate selective 
COX-2 inhibitors with minimized serious side effects observed with the diaryl heterocycle 
sulfonamide/methylsulfone class of compounds.

The book chapter covers progressively and in detail some critical topics served in concluding 
future trends in regard to developing indomethacin to be effective chemopreventive and treat-
ment of various cancer cell types without induction of severe cardiovascular system (CVS) 
complications: the implication of COX-2/PGE2 in the anticancer activity of COX-inhibitors, COX-
2-independent mechanisms of anticancer activity of indomethacin, and significance of indomethacin’s 
anticancer activity over the other NSAIDs and selective COX-2 inhibitors.

2. Implication of COX-2/PGE2 in anticancer activity of 
COX-inhibitors

PGE2 implicated in promoting cell proliferation of human esophageal squamous cell carci-
noma. The study started with observation of expression and upregulation of c-Myc, an onco-
genic transcription factor, and then a link was expected to exist between PGE2 and c-Myc but 
requires a reliable elucidation. Deeper studies revealed that PGE2 substantially increased the 
proliferation of cultured esophageal squamous cell carcinoma cells and increased mRNA and 
protein expression of c-Myc. Moreover, knockdown of c-Myc by RNA interference significantly 
attenuated PGE2-induced cell proliferation. Furthermore, a mechanistic study described that 
stability and nuclear accumulation of c-Myc oncogenic protein is attributed PGE2 via phos-
phorylation on serine 62 that induced by extracellular signal regulated kinase (ERK)-dependent 
manner and this was confirmed when PGE2 activation of ERK was fully abolished by protein 
kinase C (PKC) inhibitors. Consistently, PGE2 receptor (EP2) agonist resulted in the same effect 
on expression of c-Myc as PGE2 and knockdown of EP2 receptor by EP2 small interfering RNA 
(siRNA) delayed PGE2-induced c-Myc expression to verify the association of PGE2 to c-Myc 
protein expression in esophageal squamous cancer cell proliferation [18].
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It was reported for celecoxib to be effective after Helicobacter Pylori eradication therapy in 
improving gastric precancerous lesions and stops progression into cancer. The therapeutic 
effect of celecoxib is explained in the study by measuring the expression and activity of COX-2 
for patients with gastric precancerous lesions received celecoxib up to 3 months to be compared 
with those received placebo for the same period of time. The measurements were determined 
by immunostaining and PGE2 assay, cell proliferation by Ki-67 immunostaining, apoptosis by 
TUNEL staining and angiogenesis by microvascular disease (MVD) assay using CD31 stain-
ing. The results showed that there was a significant elevation in COX-2 protein expression in 
gastric precancerous lesions when compared with that resulted from chronic gastritis with 
consequent increase in cell proliferation and angiogenesis. Patients who were treated with 
celecoxib showed significant improvement in gastric precancerous lesions (sites of dysplasia) 
with 84.6% regressed dysplasia, while those treated with placebo showed 60% suggesting that 
celecoxib was effective on the regression of dysplasia. On the other hand, celecoxib effectively 
suppressed cell proliferation, induced cell apoptosis and inhibited angiogenesis exhibited by 
decreased MVD. Interestingly, COX-2 inhibition was accompanied by up-regulation of PPARγ 
expression that is protective protein with reported antineoplastic effects [36].

Overexpression of COX-2 frequently occurred in head and neck squamous cell carcinoma 
(HNSCC). COX-2 promotes the release of pro-inflammatory mediator PGE2 which binds to cell 
surface G-protein coupled receptors EP1–4 to exert its pharmacological effects. Upon study-
ing the biochemical functions of PGE2 and its cell receptors in HNSCC cellular proliferation, 
it was found that COX-2 and cell receptors EP1, EP2 and EP3 were constitutively expressed in 
tumoral lesions of HNSCC. An important finding was declared in the study states that small 
concentration of selective COX-2 inhibitors succeed to suppress PGE2 without inhibition of 
cell proliferation. However, exogenous addition of EP3-specific agonists with PGE2 induces 
DNA synthesis in all HNSCC cell lines. Thus, it could be suggested that EP3 receptor subtype 
of PGE2 should be regarded for future strategies targeting HNSCC prevention [19].

Another study defined a critical mechanism to justify the role of PGE2 in promoting CRC 
cell division in which prometastatic adaptor protein human enhancer filamentation 1 (HEF1) 
links between PGE2 and cell cycle machinery in CRC cells. PGE2 induces expression of HEF1 
mRNA and protein in CRC. Knockdown of HEF1 suppresses PGE2-induced cell proliferation 
and cell cycle progression. CRC cells were examined and found that there is 50% elevated 
levels of HEF1 when compared to normal tissues. Further, HEF1 promotes cell cycle pro-
gression of colorectal carcinogenesis via interaction with and activation of cell cycle kinase 
Aurora A to report that PGE2 is inducer to crucial downstream mediator, HEF1 in colorectal 
carcinogenesis [20].

Small noncoding RNA, microRNAs (miRNAs) have a key role in stopping the translation and 
accelerate the degradation of mRNA that regulates the cellular growth and survival through 
gene suppression. miRNA has a significant contribution in controlling disease progression 
in pancreatic cancer cells (PaCa). Elevated levels of COX-2 were observed with PGE2 and 
decrease in miRNA increased the cancer growth and metastases of PaCa. Restoration of 
miRNA-143 (miR-143) in human PaCa cells reduced COX-2 and inhibited cell proliferation. 
Mitogen activated kinase (MAPC) was correlated to not detecting miR-143 in some pancre-
atic cancer cell subtypes to justify the implication of MAPC activation in regulating miR-143 
beside COX-2 and PGE2 [21].
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It was reported for celecoxib to be effective after Helicobacter Pylori eradication therapy in 
improving gastric precancerous lesions and stops progression into cancer. The therapeutic 
effect of celecoxib is explained in the study by measuring the expression and activity of COX-2 
for patients with gastric precancerous lesions received celecoxib up to 3 months to be compared 
with those received placebo for the same period of time. The measurements were determined 
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celecoxib was effective on the regression of dysplasia. On the other hand, celecoxib effectively 
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decreased MVD. Interestingly, COX-2 inhibition was accompanied by up-regulation of PPARγ 
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Overexpression of COX-2 frequently occurred in head and neck squamous cell carcinoma 
(HNSCC). COX-2 promotes the release of pro-inflammatory mediator PGE2 which binds to cell 
surface G-protein coupled receptors EP1–4 to exert its pharmacological effects. Upon study-
ing the biochemical functions of PGE2 and its cell receptors in HNSCC cellular proliferation, 
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Another study defined a critical mechanism to justify the role of PGE2 in promoting CRC 
cell division in which prometastatic adaptor protein human enhancer filamentation 1 (HEF1) 
links between PGE2 and cell cycle machinery in CRC cells. PGE2 induces expression of HEF1 
mRNA and protein in CRC. Knockdown of HEF1 suppresses PGE2-induced cell proliferation 
and cell cycle progression. CRC cells were examined and found that there is 50% elevated 
levels of HEF1 when compared to normal tissues. Further, HEF1 promotes cell cycle pro-
gression of colorectal carcinogenesis via interaction with and activation of cell cycle kinase 
Aurora A to report that PGE2 is inducer to crucial downstream mediator, HEF1 in colorectal 
carcinogenesis [20].

Small noncoding RNA, microRNAs (miRNAs) have a key role in stopping the translation and 
accelerate the degradation of mRNA that regulates the cellular growth and survival through 
gene suppression. miRNA has a significant contribution in controlling disease progression 
in pancreatic cancer cells (PaCa). Elevated levels of COX-2 were observed with PGE2 and 
decrease in miRNA increased the cancer growth and metastases of PaCa. Restoration of 
miRNA-143 (miR-143) in human PaCa cells reduced COX-2 and inhibited cell proliferation. 
Mitogen activated kinase (MAPC) was correlated to not detecting miR-143 in some pancre-
atic cancer cell subtypes to justify the implication of MAPC activation in regulating miR-143 
beside COX-2 and PGE2 [21].
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α7 Nicotinic acetylcholine receptor (nAChR) protein is significantly biosynthesized via cho-
linergic signaling in nonsmall cell lung cancer (NSCLC) beside COX-2-driven PGE2. The 
mechanism by which PGE2 promoted NSCLC cell proliferation over α-7 nAChR induction 
showed the positive effect of PGE2 on α7 nAChR expression, promotor activity and cell sig-
naling pathways. The association of the two stimulatory factors to cell growth of NSCLC cells 
was confirmed upon attenuation of PGE2-induced cell proliferation via α7 nAChR siRNA or 
acetylcholine transferase. Moreover, PGE2 induced α7 nAChR production was blocked by 
EP4 receptor antagonist and EP4 siRNA. Furthermore, it was recorded that blocking c-Jun, 
critical transcription factor, activated by c-Jun N-terminal kinase (JNK), phosphoinositol 
3-kinase (PI3K) and protein kinase A (PKA), led to abolishing the PGE2-induced α7 nAChR 
production and consequent cell growth. It is worthy to mention that activation of JNK, PI3K 
and PKA resulted from acting of PGE2 on EP4 receptor subtype [22].

Chemopreventive effects of indomethacin was observed for 4-hydroxybutyl(butyl)
nitrosamine(OH-BBN)-induced urinary bladder cancers in mice. The study came over con-
ducting three experiments in which the indomethacin was continually administered prior to 
week 1 or following week 13 OH-BBN dosing for 32 weeks, 1 week after intake of OH-BBN 
at week 13 for 12 weeks and 30 weeks, and 1 week after intake of OH-BBN at week 13 for 
61 weeks, respectively. The chemopreventive effect of indomethacin was observably impres-
sive to show development of palpable bladder masses 3% of animals in case of experiment 
1, 77% decrease in palpable masses and 82% decrease in palpable and microscopic masses in 
case of experiment 2, 26% developed palpable mass under treatment of indomethacin and 
66% in control group in case of experiment 3 [26].

3. COX-2-independent mechanisms of anticancer activity of 
indomethacin

Apoptosis is a programmed cell death induced intrinsically by mitochondrial-mediated or 
extrinsically by tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-mediated 
signals [37]. Caspase activation is generally accompanied by apoptosis that is dependent on 
mitochondrial mediated or classical extrinsic TRAIL- or death receptor (DR)-mediated signal-
ing [25]. Tse et al. reported the capability of indomethacin to make tumor cells responsive 
to TRAIL-mediated apoptosis signals through upregulation of TRAIL receptor (DR 5) and 
down-modulation of survivin, antiapoptic protein [38]. The report provided convincing 
mechanism to the indomethacin-induced process to overcome TRAIL-resistant melanomas. 
It is well known that indomethacin enhances mitochondrial oxidative stress and the produc-
tion of reactive oxygen species (ROS) that modulate mitochondrial-mediated signaling [39]. 
ROS induces the transcription factor, C/enhancer-binding homologous protein that leads to 
upregulation of DR 5 on tumor cells. Moreover, ROS has a role in down-modulation of sur-
viving via inhibition of transcription of the known regulator, NF-kB [37]. The report suggests 
that indomethacin could successfully sensitize TRAIL-resistant melanoma cells.

The ability of indomethacin to work against HCT116 human CRC cells does not express COX 
was reported using proteomic approach to identify the mechanism by which indomethacin 
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inhibit the CRC growth. The total proteins from indomethacin-treated and untreated cancer 
cells were separated by immobilized pH gradient-based two-dimensional gel electrophoresis. 
The different proteins produced throughout the test were identified by peptide mass finger-
print (PMF) based on matrix-assisted laser desorption/ionization time of flight mass spec-
trometry. The results revealed that indomethacin induced HCT116 apoptosis and inhibited 
cell growth by downregulation Wnt1-inducible signaling pathway protein 1, Bcl-2-related 
protein A1 and mitogen-activated protein kinase [24].

c-AMP activates PKA in and c-AMP-response element binding (CREB) protein in melano-
genesis. CREB plays an important role in binding to the promotor of the microphthalmia-
associated transcription factor (Mitf) gene and consequently activates Mitf gene transcription 
[40, 41]. Thus, Mitf has a crucial role in transcription of melanogenic genes and activates mela-
nogenic gene transcription of tyrosinase as well. Indomethacin was studied to investigate 
the effect on melanogenesis in B16F1 melanoma cells. The study resulted in indomethacin 
inhibited α-melanocyte stimulating hormone that enhances melanin synthesis in melanoma 
cells., suppressed tyrosinase and Mitf protein levels, reduced tyrosinase promoter activity, 
lowered mRNA of melanogenic genes, including Mitf gene [23].

AMP-protein kinase (AMPK) is a key factor of master regulation of cellular energy homeo-
stasis [42]. When AMPK is activated, it induces block of cell cycle and apoptotic cell death 
in different types of cancer cells including gliomas, the primary tumors of central nervous 
system [43–47]. The apoptotic death and inhibition of growth of cancer cell actions of AMPK 
are mediated by one of the signaling pathway in which mammalian target of rapamycin 
(mTOR) is inhibited. It is worthy to note that mTOR is a catalytic core for formation of two 
definite complexes, mTOR complex 1 (mTORC1) and 2 (mTORC2) and both are sensitive 
targets to rapamycin, allosteric inhibitor of the complexes [48]. mTORC1 has a supporting 
role in protein synthesis and cell proliferation. mTOR performs its biological functions by 
phosphorylating ribosomal p70S6 kinase and translational repressor 4E-BP1 [48]. AMPK 
phosphorylates raptor and/or tuberous sclerosis complex-mediated inhibition of mTOR 
stimulator Ras homolog enriched in brain (RHEB) [49]. Beside the role of mTORC1 in cell 
proliferation, it causes major and observable negative regulation to intracellular degradation 
of unnecessary and dysfunctional cellular components through lysosomal machinery which 
is a kind of cytotoxic mechanism [50]. Indomethacin was reported as growth inhibitor to 
CRC cells by mTOR inhibition [51]. For the glioma cells U251, indomethacin showed supe-
rior in vitro antiglioma action and restriction to cell proliferation to the other COX-inhibitors 
when tested against the same cancer cells. The antiproliferative and proapoptotic actions 
of indomethacin against U251 was evidenced by G2M cell cycle arrest P21 associated with 
caspase-3/9 activation, DNA fragmentation that were displayed by indomethacin-treated 
glioma cells [52]. Also, indomethacin stimulates AMPK phosphorylation in glioma cells 
and the implication of this pathway in antiglioma effect of indomethacin was confirmed 
by knockdown of AMPK via RNA interference to alter the AMPK activity and antiglioma 
actions of indomethacin. Generally, AMPK seemed not sufficient antiproliferative pathway 
to restrict glioma cell proliferation. Therefore, it is expected that treating glioma cells with 
indomethacin had a synergistic effect came from its AMPK-dependent and -independent 
pathways in inhibiting the cancer cell growth and proliferation of gliomas.
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4. Significance of indomethacin and its developed structures’ 
anticancer activity over the other NSAIDs and selective COX-2 
inhibitors

According to the literature scan had been done on indomethacin as nonselective COX-inhibitor 
and antiproliferative agent, it could be observed that indomethacin is the most NSAID that 
attracted the interest of researchers to study, investigate, identify more about the definite 
mechanisms and cellular signaling pathways involved in the antiproliferative and apoptotic 
effects of indomethacin. This might be attributed to two apparent points: one is the observable 
inhibition of cell growth, reduction of tumor size and implication in the programmed cell death 
of multiple tumor cell types including glioma and glioblastomas that require lipophilicity for 
cell penetration. The second is that indomethacin exhibited its anticancer activity against wide 
variety of cancer cell types by COX-2/PGE2-dependent and -independent mechanisms. This 
adds great advantage to indomethacin over the other nonselective COX-inhibitors because in 
that way, indomethacin has dual actions by which it could exert its cytotoxic activity effectively.

Regarding the selective COX-2 inhibitors, the prophylactic actions of celecoxib against recur-
rence of colon polyps is defined by researchers as dramatic to indicate the capability of cele-
coxib and other COX-2 inhibitors to block the cancer cell growth and metastases as well. 
One serious complication that is developed upon long-term therapy of celecoxib that limits 
its use as chemopreventive therapy for CRC is the cardiovascular toxicity that results from 
critical reduction in PGE2 and prostacyclin (PGI2) production. Those types of prostaglandins 
are COX2-dependent product responsible for regulating vascular tone and atherosclerosis 
[53]. The problem is absolutely the same as all the selective COX-2 inhibitors since they share 
the same pharmacological action in which production of prostaglandins is significantly 
diminished.

Some differential points related to the kinetic profile of both indomethacin [34] and selective 
COX-2 inhibitors [35] were worth it stopping at to help us draw a future plan to develop 
indomethacin’s chemical structure in a way to enhance COX-2 inhibition activity like selective 
COX-2 inhibitors and be devoid of cardiovascular complications as well. Nonselective inhibi-
tors including indomethacin perform its inhibition action against the enzyme through 2-step 
inhibition mechanism involving slow and time-dependent step due to tight reversible bind-
ing to the enzyme to be considered as functionally irreversible. But selective COX-2 inhibitors 
inhibit the enzyme through 3-step inhibition mechanism involving time-dependent step that 
represents the tightly bound complex of inhibited enzyme. The observation that should be 
highlighted for both types of COX-inhibitors while monitoring the kinetic model of inhibition 
mechanism is that indomethacin carboxylic acid is not essential for the tight binding and 
time-dependent step of enzyme inhibition because the esterified counterpart did not abolish 
this step or even reduce the tightness of binding to human COX-2 and the formation of the 
complex maintained functionally irreversible [54, 55]. Further, indomethacin recovered intact 
after prolonged time of incubation with the enzyme, this suggests that enzyme inhibition 
came over conformational change not covalent bond formation [34]. On the other hand, DuP 
697, selective COX-2 inhibitor showed the same time-dependent step that was responsible for 
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drug’s selective inhibition of human COX-2 but impressively the inhibitor did not show suc-
cessful recovery even upon dialysis but the inhibitor is freed to inhibit another enzyme under 
the effect of denaturation to confirm that the tight binding of inhibitor to the enzyme was not 
based on formation of covalent bond [35].

The detrimental differences in regard to the kinetic profile of indomethacin, nonselective 
COX-inhibitor and DuP 697, selective COX-2 inhibitor for inhibition of COX-2 raised my con-
cern with that emerge of developed selective COX-2 inhibitors based on indomethacin would 
definitely help us answer two important questions:

i. Is the cardiovascular toxicity of selective COX-2 inhibitors pharmacological class effect of chemical 
class effect? The change of chemical class of selective COX-2 inhibitors from the traditional 
diaryl heterocycle sulfonamide/methylsulfone to indomethacin-based structures and 
identifying the kinetic profile of the new class of selective inhibitors would provide a 
strong evidence on the real reasons of cardiovascular problems after administration of 
selective COX-2 inhibitors to discover whether it lies behind the kinetic mode of enzyme 
inhibition which depends on the chemical structure or it lies behind the selective action 
of the drug against COX-2. In case of similar kinetic profile for the generated new inhibi-
tors to the traditional class and no recovery to the inhibitor is shown, so, it will imply 
that it is a general feature to the selective inhibitors whatever is the chemical structure. 
It could be drawn that the inability of selective inhibitors to get recovered from COX-2 
enzyme might be a significant reason to the CVS complications of the inhibitors. In case, 
the new structures saved the kinetic profile of the original lead compound, indomethacin, 
so, it would be worth it monitoring the development of CVS problems after long-term 
administration of the newly developed indomethacin-based compounds. There are two 
reports based on epidemiological studies stated clearly that prolonged use of NSAIDs is 
associated by small increase in CVS risk [56, 57]. This attracted our attention to comment 
on that this happens though NSAIDs inhibit COX-2 with the same efficacy as selective 
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COX-2 inhibitors. Thus, it is suggested that chemical structure and/or binding mode most 
likely play a significant role in determining the kinetic mode of enzyme inhibition. But, 
we are still in serious need to an evidence results from experimental studies to assertively 
answer the above question.

ii. Would the anticancer activity of indomethacin be enhanced with the new indomethacin-based 
compounds? Improvement of the selective inhibition of COX-2 in comparison to indo-
methacin is supposed to potentiate the antiproliferative and apoptotic activities upon 
enhanced diminishing to COX-2/PGE2, combining this important signaling pathway with 
the COX-2-independent mechanisms of anticancer activities that previously described in 
this book chapter for indomethacin in Section 2 “COX-2-independent mechanisms of 
anticancer activity of indomethacin”.

Several attempts for generation of indomethacin-based analogs of selective COX-2 inhibition 
activity [58–60], but the publication that I had to put it in focus in this regard is that described 
the design and synthesis of indomethacin-based analogs of potentially selective COX-2 inhibi-
tion activity and observed diminishing to PGE2 [61]. The successful generation of developed 
indomethacin structures with selective COX-2 inhibition activity was iteratively reported in 
the literature but picking this publication to comment on among the others was based on the 
obvious selectivity index of the generated analogs that excelled celecoxib, dramatic lowering 
to plasma levels of PGE2 when compared to indomethacin, the innovative perspective upon 

Figure 2. Biological data of the new indomethacin-based selective COX-2 inhibitors 1 and 2 in comparison with 
indomethacin and celecoxib.

Medicinal Chemistry54

which the design and modification of the analogs are designed, and above all of this the bio-
logical profiling through multiple in vitro and in vivo tests that done for the analogs to impress 
the discovery of interesting tetrahydrocarbazole candidates. Accordingly, the newly selective 
COX-2 inhibitors worth it promoting to study how far it is implicated in CVS toxicity upon 
long-term therapy against either cancer or inflammatory diseases.

The new tetrahydrocarbazole selective COX-2 inhibitors (1) and (2) (Figure 2) generated 
were based on enlarging the size of indomethacin indole ring to occupy the wider cata-
lytic pocket of COX-2 than COX-2 by 25% [62] and reducing the opportunity of the ring-
extended candidates to interact with COX-1 to raise the selectivity. Introduction of methyl 
sulfonyl group to replace methoxy group of indomethacin at position 6 to enhance the 
interaction of the designed inhibitor (2) (Figure 3) with the polar side pocket of COX-2 
(selective pocket) that is critical for COX-2 inhibition activity [63]. Deletion of carboxylic 
acid from the new candidates (1) and (2) reduce the possibility of the inhibitor to interact 
with COX-1 via formation of salt bridge with Arg120 amino acid (Figure 3) [64] that is criti-
cal for conformational change and inhibition of the isoenzyme. Impressively, the biological 
results throughout in vitro testing represented by enzymatic assays against human COX-1 
(hCOX-1) and hCOX-2 and in vivo testing represented by % inhibition of plasma PGE2 
and others revealed the successful verification of the proposed hypothesis suggested to 
enhance the COX-2 inhibition selectivity. Methoxy derivative (1) (Figure 2) gave selectivity 
index against COX-2 (207.2165) to excel both that of indomethacin (0.98859) and celecoxib 
(333.3333) standard drugs. For the methylsulfone derivative (2) (Figure 2), it excelled the 
standard materials at much higher value (452.1739). Moreover, the diminishing of plasma 
levels of PGE2 was very observable in comparison to indomethacin (98.29%) and celecoxib 
(77.25%) (Figure 2). Thus, kinetic profile of the enzyme inhibition of the new candidate (2) 
in the near future would answer the questions described in this section on the book and 
eventually be able to judge on the chemopreventive of the new selective COX-2 inhibitor 
and antiproliferative activity as well.

Figure 3. Schematic representation of SC-558 (COX-2 selective inhibitor) binding to COX-2 (a) and indomethacin 
(nonselective inhibitor) (b).
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COX-2 inhibitors. Thus, it is suggested that chemical structure and/or binding mode most 
likely play a significant role in determining the kinetic mode of enzyme inhibition. But, 
we are still in serious need to an evidence results from experimental studies to assertively 
answer the above question.
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Figure 2. Biological data of the new indomethacin-based selective COX-2 inhibitors 1 and 2 in comparison with 
indomethacin and celecoxib.
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5. Conclusions

Generation of indomethacin-based analogs to indomethacin aiming at enhancing the selective 
COX-2 inhibition would definitely help us answer an important question concerning the real 
reason of cardiovascular toxicity of selective COX-2 inhibitors, whether it is pharmacologi-
cal class effect or chemical class effect. Moreover, enhancing the selectivity of indomethacin 
against COX-2 among the other NSAIDs providing a candidate privileged with potential anti-
inflammatory activity devoid of gastrointestinal side effects and what is more important is 
obtaining newly developed structure carries effective antiproliferative and apoptotic activity 
standing for the dual actions reported for indomethacin as a lead compound based on that it 
performs its anticancer activity by both COX-2-dependent and COX-2-independent mecha-
nisms. Further, the CVS toxicity is expected to be minimized upon enhancing the selective 
COX-2 inhibition of indomethacin due to observation that there might be a difference in the 
kinetic mode of enzyme inhibition between diaryl heterocycle sulfonamide/methylsulfone 
chemical class of selective COX-2 inhibitors and the new indomethacin-based chemical class 
of compounds that may permit successful recovery of the new inhibitors from the enzyme 
after long incubation period.

Nomenclature

NSAID nonsteroidal anti-inflammatory drug

COX cyclooxygenase

PG prostaglandin

CRC colorectal carcinoma

CVS cardiovascular

ERK extracellular signal regulated kinase

PKC protein kinase C

siRNA small interfering RNA

MVD microvascular d

HNSCC head and neck small cell carcinoma

HEF1 human enhancer filamentation 1

miRNA microRNA

MAPC mitogen activated kinase

NSCLC nonsmall cell lung cancer

JNK c-Jun N-terminal kinase

Medicinal Chemistry56
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OH-BBN 4-hydroxybutyl(butyl)nitrosamine

TRAIL tumor necrosis factor-related apoptosis-inducing ligand

DR death receptor

ROS reactive oxygen species

PMF protein mass fingerprint

CREB c-AMP-response element binding

AMPK adenosine monophosphate kinase

mTOR mammalian target of rapamycin

RHEB Ras homolog enriched in brain
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Benzodiazepines are widely used drugs for several indications. This study provides, on 
the other hand, a global vision of the family starting for their fortuitous discovery, the 
synthesis of their derivatives, their mechanism of action widely known nowadays, the 
actual classification according to the chemical structure and pharmacokinetic properties, 
and their uses and indications, the traditional and the new ones. On the other hand,the 
study is focused  in the mainly problems of benzodiazepines, depedence, and tolerance, 
many times led by a misuse of the patient, wrong prescriptions, or extended treatments. A 
withdrawal program is proposed that includes the important factors or criteria to success, 
with a slow and gradual reduction of these drugs, avoiding relapse or severe adverse 
effects. New lines of research related to benzodiazepines are taken into account, which 
not only include the new therapeutic uses but also the adverse effects in short and long 
term. They are also analyzed the new discoveries concerning the nonbenzodiazepine 
drugs due to the close relation they have with benzodiazepines.
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1. Discovery and history

Many of the drugs that had represented a great advance in many therapeutic approaches were 
not a result of a rational design but of a consequence of casual observations, fortuitous dis-
coveries, or serendipity. Way back then, a rational design did not guarantee the exit because 
the knowledge of the biological systems was not clear or complete. That happened in the 
beginning of the past century, and many of the drugs used nowadays come from this type of 
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discovery, from the curiosity of many investigators that decided to study the reason why they 
were not achieving their goals.

Discovery starts with chemist Leo Sternbach and his research group, working in the 
Hoffmann-La Roche laboratories in Nutley, New Jersey. They were trying to find new tranquil-
izers, but due to the limited knowledge of the processes occurring in the brain, they were taking 
an empirical approach: to search for a new class of drugs purely guided by modifications in the 
known chemical synthesis [1]. In 1957, they serendipitously identified the first benzodiazepine 
(BZD), chlordiazepoxide, while they were studying the activity of quinazoline oxide. They saw that 
the compound obtained was not a quinazoline-N3-oxide but a benzodiazepine-N4-oxide. With a 
posterior investigation, Sternbach himself managed to explain what happened [2].

By 1960, Hoffmann-La Roche introduced the chlordiazepoxide in clinical treatment under the 
brand name Librium®, and it pursued molecular modifications to improve its activity. By the 
time of its introduction, it was felt that an explanation of the BZDs mechanism of action might 
be really helpful to understand the basis of anxiety. Diazepam (Valium®) followed in 1963, 
which was considered for a long time as head of the family.

An important improvement was their lack of respiratory depression, a safety concern they 
had with barbiturates [3].

Medical professionals accepted benzodiazepines enthusiastically at first, increasing their 
popularity and patient demand. BZDs were prescribed frequently and often long term for 
various conditions. Soon they became the pharmacological family par excellence in the treat-
ment of anxiety disorders and so initiating “the benzodiazepine saga” [4].

It took 15 years for the researchers to associate benzodiazepines and their effect with their 
high-affinity receptor complex as a mechanism of action. They did it in 1977, and it was the 
major turning point in the research [2].

1.1. Benzodiazepines (BZDs)

Benzodiazepines are a structural class of compounds that are used as hypnotics, anxiolytics, 
anticonvulsants, and muscle relaxants. Their core chemical structure is formed by the fusion 
of a benzene ring and a diazepine ring (Figure 1). Different compounds have different side 
groups attached to this central structure in position 1, 2, 5, or 7. The different side groups 
affect the binding of the molecule to the GABAA receptor and so can modulate the pharmaco-
logical properties, the potency of the effect, and the pharmacokinetic conditions (duration of 
the effect, distribution, etc.).

BZDs have proven to be excellent drugs for the known pharmacological properties they pres-
ent, as shown in Table 1.

In humans, benzodiazepines are also recognized to have anterograde amnestic effects, provid-
ing amnesia for events that occur subsequent to the administration of the drug [6]. Another 
important use they have is in alcohol withdrawal syndrome (AWS). They are generally con-
sidered to provide no analgesia.

Medicinal Chemistry64

It is important to note that the variation of the dose changes the effects: a hypnotic BZD 
administered in low doses produces anxiety-relieving effects, whereas a BZD marketed as an 
antianxiety drug at higher doses induces sleep.

1.2. Mechanism of action

To understand their mechanism of action, it is necessary to know the physiology and function 
of the gamma-aminobutyric acid (GABA) neurotransmitter. They are neurotransmitters in the 
central nervous system (CNS) that increment or decrease the excitability of neurons and so 
regulate the brain activity. GABA functions as the principal inhibitory neurotransmitter, and 
BZDs potentiate that function.

The GABAA receptor is a protein complex located in the synapses of neurons. It belongs to a 
family of receptors associated to ionic channels, formed by combinations of protein subunits 
with high selectivity for chloride ion (Cl−). They conduct chloride ions across neuronal cell 
membranes. The receptor is formed by five subunits arranged around the central chloride: 
two alphas, two betas, and one gamma. There are also multiple isoforms of each subunit: six 

Figure 1. BZD structure.

Action Clinical uses

Anxiolytic Anxiety and panic/phobias, alcohol withdrawal

Hypnotic Insomnia

Muscle relaxant Muscle spasms, spasticity caused by CNS pathologies

Anticonvulsive Attacks caused by drug intoxications, some forms of epilepsy

Amnesic Intraoperatively or pre-surgery medication

Table 1. Principal actions and uses of BZDs [5].
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It is important to note that the variation of the dose changes the effects: a hypnotic BZD 
administered in low doses produces anxiety-relieving effects, whereas a BZD marketed as an 
antianxiety drug at higher doses induces sleep.

1.2. Mechanism of action

To understand their mechanism of action, it is necessary to know the physiology and function 
of the gamma-aminobutyric acid (GABA) neurotransmitter. They are neurotransmitters in the 
central nervous system (CNS) that increment or decrease the excitability of neurons and so 
regulate the brain activity. GABA functions as the principal inhibitory neurotransmitter, and 
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The GABAA receptor is a protein complex located in the synapses of neurons. It belongs to a 
family of receptors associated to ionic channels, formed by combinations of protein subunits 
with high selectivity for chloride ion (Cl−). They conduct chloride ions across neuronal cell 
membranes. The receptor is formed by five subunits arranged around the central chloride: 
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Figure 1. BZD structure.

Action Clinical uses

Anxiolytic Anxiety and panic/phobias, alcohol withdrawal

Hypnotic Insomnia

Muscle relaxant Muscle spasms, spasticity caused by CNS pathologies

Anticonvulsive Attacks caused by drug intoxications, some forms of epilepsy

Amnesic Intraoperatively or pre-surgery medication

Table 1. Principal actions and uses of BZDs [5].
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alpha subtypes (α1,2,3,4,5,6), four beta (β1,2,3,4), three gamma (γ1,2,3), and one delta (δ). These recep-
tors are heterogeneous and can consist of different mixtures of different polypeptide classes 
(alpha, beta, gamma, etc.)

There are two GABA binding sites in the receptor and a single binding site for the BZDs 
which is located in the pairing (interphase) between an α subunit and a β subunit (Figure 2).

The binding of a BZD to its binding site cause an increment of the GABA affinity for its own 
binding site. They act as a positive allosteric modulator: the union of the BZD to the receptor 
does not alter the GABA union, but it increases the total conduction of chloride ions across the 
neuronal cell membrane. This increment of chloride ions leads to a hyperpolarization of the 
neuron and, as a result, a decrease of the neuronal activity [8].

The advantage of the BZDs comparing to other drugs that act in the same receptor and 
decrease the activity of neurons is that BZDs are the only drugs that give GABA more affinity 
for its receptor and act as an allosteric modulator. For the same reason, BZDs are not able to 
provide a higher activation than GABA itself, and this is what explains the elevated therapeu-
tic index (toxic/therapeutic dose ratio), superior than barbiturates.

This last group, barbiturates, in low doses helps to maintain the chloride channel opened by 
acting in the GABA. However, in high doses they open directly the chloride cannel, which 
can lead to toxicity.

1.3. Specific BZD receptors

The BZD receptor has been classified into different types, based on α subunit isoforms and 
clinical effects related to each type [8, 9]. In addition, each BZD has different affinity to the 
GABAA receptor and its subunits:

• The BZ1 receptor contains the α1 subunit isoform, which represents approximately the 60% 
of the GABAA receptors. This receptor is highly concentrated in the cortex, thalamus, and 
cerebellum, and it is responsible for sedative effects and anterograde amnesia, explaining 
this frequent side effect in the most of the BZDs.

• The BZ2 receptor contains the α2 isoform, and the BZ3 contains the α3 isoform. Although the 
BZ2 is a widespread receptor, it is believed that those located in the spinal cord and motor 
neurons largely mediate myorelaxant effect, such as BZ3 receptor, and those located in the 
limbic system are responsible for the anxiolytic effect.

The different effects of the BZDs are explained by their interaction and binding with the different 
receptors (the isoform, the affinity of the binding, and the location of the receptor in the CNS). 
According to this, all the effects should be expected for those BZDs that interact indiscriminately 
with all the receptors. Others, nonbenzodiazepines or Z-drugs, for example, only interact with 
one type of receptor (BZ1 in this case) so they are going to be used with more specificity.

1.4. Chemical structure and structure-activity relationship (SAR)

As introduced before, BZDs have a cyclic structure that includes one benzene cycle (benzo) plus 
a heterocycle where two atoms are nitrogen (−diaza-) normally in 1 and 4 positions but which 
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can also be in 1,5 or 2,3. Normally the benzodiazepines used in clinical are 1,4-dinitrogenated 
systems.

By analyzing the structure, we can see the substitutions at the different positions of and the 
consequences that have on the activity:

• Substitution at position 1: ↑ Activity by alkylation (prodrug). Example: diazepam

• Substitution at position 2: Electronegative atom

(O or N) derived from carboxyl  first generation of BZDs. Although it can also be non-
substituted. Example: medazepam

• Substitution at position 3: If it is not substituted or has an −OH: ↑ polarity  glucuronida-
tion  faster elimination. Example: lorazepam

• Benzene ring at position 5: Optimal for activity.

• Substituted in ortho by Cl, F: ↑ activity (electron-attracting group). Example: flurazepam 
(F) and clonazepam (Cl).

• Replaced by another cycle. Example: cyclohexenyl (tetrazepam).

• Substitution at position 7: Establish the potency.

Favorable position to ↑ activity, specially by an electron-attracting group: CF3 > NO2 >  
Br > Cl > OCH3 > R.

• NO2: Hypnotic action.

Figure 2. The GABAA receptor. On the left, a side complete view of the receptor: the subunits and the chloride ion 
channel, with the BZDs binding sites. On the right, a top view of the receptor, illustrating the most common combination 
of α, β, and γ subunits [7].
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Example: clonazepam, nitrazepam, and lormetazepam.

• X: Anxiolytic action. Example: lorazepam and alprazolam.

Any substitution on the other positions (6, 8, and 9) may decrease the activity. There are 
others who are fused with triazole or imidazole ring and so producing triazolobenzodiazepines 
or imidazolobenzodiazepine (or diazolobenzodiazepines), respectively [10]. From a chemical 
structure point of view, BZDs can be divided in three groups (Figures 3 and 4).

1.5. Pharmacokinetics and pharmacodynamics

Some of the pharmacokinetics properties change in function of the side groups (R) of each 
BZD. That will be decisive when prescribing them. Normally this family of drugs is taken by 
oral administration due to its good absorption. The intravenous administration presents a 
quick distribution to the brain and central nervous system, but it is reserved for emergencies 
like acute seizures.

BZDs and their metabolites are highly protein bound (90% union with albumin). These com-
pounds are widely distributed in the body and preferentially accumulated in lipid-rich areas 

Figure 4. General structure of various BZDs: (A) 5-Aryl-1,4-benzodiazepine; (B) midazolam, a diazolobenzodiazepine; 
and (C) triazolam, a triazolobenzodiazepine [11].

Figure 3. Compound numbering.
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such as the central nervous system and adipose tissue. It is important to mention that the major 
factor in predicting amnesia risk is lipid solubility: the greater the lipid solubility, the greater the 
risk of amnesia. BZDs with high lipid solubility have higher absorption rates and faster onset 
of clinical effects than BZDs with low lipid solubility [8]. Most BZDs are metabolized by the 
cytochrome P450 enzymes (phase I) by oxidation, hydroxylation, or dealkylation and after conju-
gated with glucuronide or sulfate (phase II). At the end, the urine excretes them almost entirely.

Some BZDs produce active metabolites during the process, as they are administered in a 
prodrug form. This supposes an important consideration when prescribing these agents. For 
example, diazepam, a long-acting BZD, produces the active metabolites oxazepam, desmethyldi-
azepam, and temazepam. A classification of the BZDs exists in basis of their half-live time for 
elimination, an estimation of the time needed to reduce the drug concentration in the plasma 
by half. After 5–7 h post-administration, a drug is eliminated from the body [8].

These previous reasons should be considered when administering BZDs in the elderly and in 
the patients with preexisting hepatic diseases: the metabolites further increase the duration of 
drug action, which can also have variations in the elimination half-life.

2. Classification of BZDs

BZDs are classified in terms of their elimination half-life in short-acting, intermediate-acting, 
or long-acting (Figure 5):

• Short-acting. Elimination half-life <5 h (midazolam and triazolam). Mainly used as hypnotic 
for their quick sleep onset. They have few residual effects and can cause rebound insomnia 
when disruption, as well as amnesia and dependence problems.

• Intermediate-acting. Elimination half-life 5–24 h, normally they are used for anxiety pur-
poses. Might have next-day residual effects if used as hypnotic (alprazolam, lorazepam, 
lormetazepam).

• Long-acting. Elimination half-life >24 h, arriving to 100 h in diazepam. They present risk 
of accumulation, especially in the elderly or patients with metabolism disease (diazepam, 
clorazepate).

A huge number of BZDs have been synthetized over the years, but only a few had shown 
improved efficacy and are actually used in clinical. Today, approximately 35 benzodiazepine 
derivatives exist, 21 of which have been approved internationally by clinical use [7].

2.1. Abuse and dependence: problem presentation

BZDs became one of the most frequently prescribed drugs in the world around the 1970s, even 
though the potential abuse and dependence was quickly detected. As a result of many concerns 
about misuse, BZDs were placed on the Food and Drug Administration (FDA) restricted drug 
list in 1975. It was not until the 1980s that the dependence occurring with these drugs was con-
firmed, after several clinical trials and after many declarations coming from not only patients but 
also from clinicians. Despite recommendations of a treatment no longer than 4 weeks, many of 
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them continued to prescribe them for months or even years. Their use gradually declined after 
the mid-1980s as a result of growing information and concerns, and also with the discovery of 
other antianxiety medications like the selective serotonin reuptake inhibitors (SSRIs), which 
proved to be safer and more effective than BZDs. In fact, the total BZD use increased from 1999 
to 2014, mainly caused by the augmentation of the long-term inappropriate users [12].

Intentional abusers of BZD usually have other substance abuse problems. Benzodiazepines 
are usually a secondary drug of abuse, used mainly to augment the “high” received from 
another drug or to offset the adverse effects of other drugs. Few cases of addiction originated 
from legitimate use of benzodiazepines. On August 31, 2016, FDA issued a drug safety com-
munication about serious risks, including death, when opioid pain or cough medicines are 
combined with benzodiazepines. The safety announcement warned that “health care pro-
fessionals should limit prescribing opioid pain medicines with benzodiazepines... only to 
patients for whom alternative treatment options are inadequate” [13].

The pharmacological dependence derived from a BZD, which is normally manifested in 
withdrawal symptoms when the treatment is suddenly interrupted, can happen even from a 
legitimate use. This response, caused by the constant action of drug after a long time, can be 
avoided, for example, with dose tapering and/or medication switching [14].

2.2. Adverse effects

In general, BZD are well-tolerated drugs if the use and administration are correct. The toxico-
logical profile of BZDs is similar between compounds, although the frequency and gravity of 
the reactions can be different. In most of the cases, adverse reactions are a prolongation of the 
pharmacological action that affects the CNS.

• Frequent: somnolence (half of the patients experiment it during the first days of treatment), 
sedation, ataxia (especially in the elderly), fatigue, and anterograde amnesia (difficulty to 
remember recent facts)

• Occasionally: dizziness, headache, depression, confusion, and dysphasia

• Exceptionally: rush or urticaria, pruritus, and visual and/or audition alterations

Figure 5. Examples of 1,4-benzodiazepines.
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They can also produce problems in psychomotor performances (driving, incoordination, some-
times causing falls). There is sufficient evidence from epidemiologic and experimental studies 
to establish a strong causal connection between benzodiazepine and also Z-drug use to motor 
vehicle accidents, falls, and fractures as a consequence of psychomotor impairment [15]. In addi-
tion, taking into account their pharmacological properties, benzodiazepines can cause muscular 
hypotonia and respiratory difficulties, especially in patients presenting a respiratory deficiency.

The intensity of the effects depends on the doses and is worst in patients with hepatic altera-
tions and in the elderly. The physiological changes of aging in the liver result in prolonged 
clearance of drugs: by decreasing the metabolism, the half-life elimination increases. BZDs 
are eliminated slowly from the body, so repeated doses over a prolonged period can result in 
significant accumulation in fatty tissues. Thus, some symptoms of overmedication (impaired 
thinking, disorientation, confusion, slurred speech) can appear over time [8].

The side effects of BZDs are increased when paired with other drugs such as barbiturates, 
alcohol, narcotics, or tranquilizers. BZDs potentiate the sedative effects of opioids and are the 
most common combination in polydrug users, along with alcohol [6]. The risk of fatality via 
respiratory or nervous system depression from BZD overdose is barely inexistent, but if they 
are involved with other agents known to cause CNS and respiratory depressions, especially 
alcohol or opioids, the risk of harm substantially increases.

Over the past few years, biomedical literature has emerged raising a tentative link between 
benzodiazepine and/or Z-drug exposure with adverse outcomes such as respiratory disease 
exacerbation, infections, dementia, pancreatitis, and cancer. Doubt persists in the biomedical 
community regarding this relatively new safety accusation against these drugs by pharmaco-
epidemiologic researchers.

Based on the Hill criteria for causation, a list of the possible adverse outcome associations is 
indicated in Table 2.

Traffic 
accidents

Falls 
leading to 
fractures

Dementia Infections Pancreatitis Respiratory 
worsening

Cancer

Consistency + + ± ± ± − ±

Strength + + + ± + ± ±

Temporality + + − + − − −

Specificity − − − − − − −

Dose–response + + ± − ± − ±

Coherence + + ± ± − ± −

Experimental 
evidence

+ + − ± − ± −

Analogy + + − − ± + −

+ criteria fulfilled, ± criteria partially fulfilled or arguable either way, − criteria not fulfilled.

Table 2. Criteria for BZD/Z-drug adverse events [16].
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There is a lack of evidence to prove causality between BZD and Z-drugs to any of these condi-
tions due to insufficient and conflicting evidence from both epidemiologic and experimental 
studies, except for fall leading to fractures, which has already been proved [15]. Anyway, 
there are reasons to associate them: there are clinical studies that are in process to verify it or 
that are proposed for future research about the subject.

3. Synthesis of benzodiazepines

The first BZD, serendipitously founded, was chlordiazepoxide, and its synthesis started after 
the synthesis of the quinazoline-N-oxide3 as indicated in Scheme 1. From the 2-aminobenzo-
phenone, the synthesis of BZDs can be raised as indicated below:

The 2-aminobenzophenone is treated with hydroxylamine to obtain the oxime 1. The oxime 
can exist in the form of two stereoisomers Z and E, the stereoisomer E being the most stable 
due to steric problems. The reaction of this compound with chloroacetylchloride gives the chlo-
roacetamide, which by treatment with NaOH leads to the found benzodiazepine-N-oxide 5. 
The intramolecular cyclization reaction proceeds through the nitrogen atom of the oxime. The 
resulting N-oxide function can be reduced by treatment with PCl3.

By treating this quinazoline-N-oxide with secondary amines (HNRR), a tertiary amine was 
obtained as an expected compound for the nucleophilic substitution (6). However, by treating 
it with a primary amine: methylamine (CH3NH2), the result was an unexpected compound 
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considered a derivative from 1,4-benzodiazepine-N4-oxide (9). An addition reaction in the carbon 
C-2 of the quinazoline was produced, with a rearrangement of the 6-atom ring (quinazoline) 
to a 7-atom ring (benzodiazepine) as a consequence (Scheme 2).

The reaction was generalized for other primary amines, but none of the new obtained prod-
ucts was better than chlordiazepoxide after all. Later they found that N-oxide group was not 
essential for the biological action.

Thus, new anxiolytic drugs such as diazepam, bromazepam, or nitrazepam were found, widely 
used nowadays.

Scheme 2. Mechanism preparation of chlordiazepoxide [17].

Scheme 3. Metabolism and synthesis of diazepam [2].
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In the first line of the previous scheme, we can see how diazepam is formed by metabolism of 
chlordiazepoxide (9) (Scheme 3). The first step is an oxidative deamination then the reduction of 
N-oxide 10 with PCl3 following with N-alkylation using CH3I/base, which introduces a methyl 
group by nucleophilic substitution, obtaining the metabolite diazepam.

Scheme 4. Alternative synthesis of diazepam [17].

Scheme 5. Synthesis of midazolam [18].
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Scheme 3 shows also an alternative synthesis for diazepam from ketone 12, starting with a cycliza-
tion of the corresponding keto-aniline with methyl 2-aminoacetate. Then with CH3-I/base again 
the introduction of a methyl group in the nitrogen of the amide leads to diazepam.

However, diazepam has other alternative synthesis (Scheme 4). Starting with the 2-amino-
5-chlorobenzophenone 12 and reacting with NH2OH, we obtain the oxime 7. Then by reacting 
with ClCOCH2NH2, this group is introduced by addition of the amino group to the carbonyl, 
ready for the next steps: a cyclization by dehydration with NaHSO3 and the introduction of a 
methyl group to obtain the diazepam (11).

The last scheme is midazolam’s synthesis, as an example of a diazolobenzodiazepine.

Midazolam can be prepared from 4-chloroacetanilide (15) by treatment with 2-fluorobenzoyl 
chloride. The obtained ketone 16 is treated with 3-nitro-2-propanamine to obtain the interme-
diate benzodiazepine 17. Next, the nitro derivative 17 is reduced, and ethyl orthoformate is 
added to obtain the tricyclic system 18. Finally, the oxidation of 18 with DDQ (2,3-dichloro-
5,6-dicyanobenzoquinone) leads to midazolam (Scheme 5).

4. Traditional uses and new discoveries

When research scientists could finally give an explanation for the mechanism of action to under-
stand the results they were obtaining with BZDs, a breakthrough happened, not only in the 
knowledge of anxiety but also in other central phenomena such as sleep problems or seizures.

An important advance was concerning the barbiturates. Barbiturate abuse—both prescription 
and illicit—peaked in the 1970s, but by the late 1980s, barbiturates had been largely replaced 
by benzodiazepines for treatment of anxiety and insomnia due to safety issues [19]. BZDs 
proved to be effective for the same purposes but with a superior therapeutic index and lower 
risk to cause respiration depression, the principal serious adverse effect that made barbitu-
rates a dangerous drug with restricted uses.

Generally, it can be considered that all BZDs that are actually used in clinical are anxiolytics 
in low doses and hypnotic in high doses. Pharmacokinetic properties are what differentiate 
each compound and what define the use. Furthermore, all the treatments with BZDs should 
be short term due to their probability to cause tolerance and dependence problems.

4.1. Anxiolitics

Back then, the explanation of BZDs’ mechanism of action supposed an important discovery in 
the knowledge of anxiety, which the biological basis was not completely clear.

BZDs should be seen as a symptom treatment for this condition, to facilitate the patients’ adap-
tation or reaction to a difficult situation in their everyday life but not as a first-choice anxiety 
treatment. Treating anxiety should be a personalized combination of drugs and psychotherapy 
during the period of time the patient need, and BZDs should be only used for sporadic moments.

Nowadays there are other drugs as a first choice for anxiety treatment that does not present 
any long-term use problem and that show good results (SSRIs or SNRIs). Anyway, BZDs are 
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indicated in several anxieties for short-term management of anxiety. They can be also used as 
an adjunct in treatment for panic disorders (PD), generalized anxiety disorders (GAD), and 
social anxiety disorders (SAD) as adjuncts to SSRIs for treatment of obsessive–compulsive 
disorder or as adjuncts to antipsychotics for treatment of acute mania or agitation [8, 20].

The BZDs used for relieving anxiety are the ones with long half-lives, which are converted in 
other active metabolites that also have long half-lives. According to this, we achieve continu-
ous drug concentrations and therefore a long duration of action and effects. Some of these 
drugs are alprazolam, bromazepam, oxazepam, clorazepate, diazepam, and lorazepam.

It is important to note that even if the different compounds are in the same family and are 
used for the same objectives, they have different potencies, and the doses can notably range 
between compounds. For example, alprazolam is presented in 0.25, 0.5, 1, and 2 mg doses; a 
dose of 0.5 mg of alprazolam is equivalent to 10 mg of diazepam. That can lead to administra-
tion mistakes if there is a change between these two BZDs, for example.

4.2. Hypnotics

The quality of a hypnotic drug is not judged only on sleep but also on the state of the subject on 
awakening and during day, somnolence or not, on the possibility of adverse effects, etc. BZDs 
are used for hypnotic purposes because they increase the total sleep time by decreasing the 
time to fall asleep and the number of awakenings. However, the architecture of sleep is signifi-
cantly altered [21]: it is composed by four non-REM stages (of which the 1 and 2 are considered 
light-sleep phases, while 3 and 4 phases are associated with deep sleep) and a REM stage. BZDs 
reduce the 3 and 4 stages and decrease the REM sleep stage, known as “the most restful phase 
of sleep” [22]. That could be translated, in a long-term, as a worsening of sleep quality [23].

They are useful for treating occasional insomnia, in short treatments (they must be used only 
for 2–4 weeks) or with an intermittent use. The most used for this objective are lormetazepam, 
triazolam, nitrazepam, loprazolam, flunitrazepam, and estazolam.

Either short-acting or long-acting, BZDs can be used:

• To treat insomnia characterized by a difficulty of falling sleep, this BZD will have a rapid 
onset and a short duration of action, with the objective to quickly achieve higher concentra-
tions. Among hypnotic benzodiazepines, triazolam is one, which has the fastest effect, but 
it also causes adverse effects such as amnesia and dependence problems.

• In other cases, when the patient tends to awake in the middle of the night and is not able to 
continue sleeping, intermediate or long action BZD is more useful.

The duration of the action must be adapted to the sleep period: if it is too short, it might be 
insufficient, and if it is too long, the patient can have residual insomnia on the next day.

In many cases, there is no need of pharmacological treatment for insomnia. The following  
recommendations are proposed: to change the sleep habits, to avoid caffeine late in the day, or to 
limit the electronics devices (mobile phone, TV) in the bedroom. Exercise can often help to pro-
mote a more restful sleep as well. All these options must be tried before starting a BZD treatment.
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4.3. Muscle relaxant

Benzodiazepines such as diazepam may be used short term as muscle relaxants reducing the tone 
of skeletal muscle. The myorelaxant effect is mediated through α2-containing receptors (and α3 
in a less extent) in the spinal cord and motor neurons [8]. They can also help relieve the pain 
of the spasticity caused by other CNS pathologies. High doses are used: 2–10 mg even 4 times 
a day, depending on the severity and the patient’s age, so adverse effects must be considered.

4.4. Anticonvulsive

Clonazepam is the benzodiazepine most frequently used for long-term control and prevention 
of chronic seizure disorders. For this purpose, it is used at high doses to achieve high brain 
concentrations. However, in general BZDs are not the first choice for long-term treatment for 
epilepsy due to the tolerance and dependence problems that they present. Traditional types 
of seizure treatments should be used in first line for epilepsy.

Despite that, all BZDs have anticonvulsant properties especially for seizures caused by toxic 
agents or due to alcohol withdrawal syndrome. For most types of acute or prolonged seizures or 
status epilepticus, an intravenous or rectal benzodiazepine would be the treatment of first choice.

4.5. Amnesics

It is important to note that in the perioperative setting, BZDs are used specifically for their 
amnesic properties, but in nearly all other instances, amnesia is an undesired side effect.

Their use can be advantageous as an adjunct to anesthesia to induce relaxation and amnesia 
(procedural memory loss) in cases of outpatient surgery or procedure that allows the patient 
to return home the same day, for example, endoscopy or colonoscopy, which can cause dis-
comfort to the patients.

Intravenous midazolam is normally the preference in these cases due to its rapid onset and 
short duration of action. However, recent researchers have found that sublingual alprazolam 
is as effective and safe as oral midazolam for sedation during esophagogastroduodenoscopy 
(EGD): they were similar in reducing procedural anxiety, and patients had similar tolerance and 
satisfaction with both treatments; however, sublingual alprazolam was accompanied with less pain/
discomfort during EGD [24].

4.6. Other uses

BZDs can be used in patients in the intensive care unit (ICU) in those with mechanical ventila-
tion or those with acute pain, although they should be used carefully because of the possible 
respiratory depression in some cases.

• They are proved to be first-line choice in AWS treatment. AWS results in people who are 
dependent on alcohol and either stopped drinking or reduced their alcohol consumption. 
Severe forms of AWS may be associated with generalized seizures, hallucinations, and 
delirium tremens, which can be fatal [25]. BZDs have proved to be the best studied and 
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most effective drugs, especially to prevent severe symptoms and particularly the risk of 
seizures and delirium tremens. The most used oral BZDs for this pathology are diazepam, 
chlordiazepoxide, and lorazepam.

• BZDs can be used for abreaction, a technique applied to recover memories.

5. A new discovery: BET inhibitors

A few years ago, BZDs started to be investigated by their possible action as BET protein 
inhibitors. These families of proteins (bromo- and extra-terminal domain, BET) are epigenetic 
reader proteins, involved in transcription regulation and chromatin remodeling. Each protein 
contains two domains (D1 and D2) that bind acetylated lysine on histones H3 and H4. This 
bind is produced in the hydrophobic pocket of BET by hydrogen bonding, where researchers 
found high-affinity small molecule ligands that block the binding with the histones. These 
BET protein inhibitors are the first successful example of inhibition of epigenetic readers, and 
they offer the opportunity to target cancer drivers, for example, the family of proto-oncogenes 
MYC. Thus, BET inhibitor treatment of cancer cells dependent on the oncogene c-MYC can 
result in significant antiproliferative and cytotoxic effects [25].

In view of the results, at least 10 BET inhibitors are in clinical trials today for the treatment of a 
range of hematological cancers (including leukemia, lymphoma, and myeloma), certain solid 
tumors, and atherosclerosis [26]. Most of these molecules are structurally based on the BZD 
family and have their pharmacological properties.

On November 2017, a new study was published concerning the design, synthesis, and biological 
activity of 1,2,3-triazolobenzodiazepines BET inhibitors [27]. Starting from the previous recent 
discoveries, they focused in testing if the different molecules had acetyl lysine mimicking 
activity. Based on the bromodomain-binding framework, they developed a 1,2,3-triazolobenzo-
diazepine with the optimal conditions for hydrogen bounding: a diazepine ring for protection 
and high affinity with asparagine.

The synthesis of 25 (Scheme 6) was carried out in the following way: first formation of the 
diarylamine 21 from the 1,2-diiodobenzene 20 and the aniline by means of a Buchwald cross-
coupling reaction. Then, an introduction of an alkyne under Sonogashira coupling reaction 
conditions. The acylation of 22 with the 2-chloroacetyl chloride leads to 23. Subsequently the 
addition of sodium azide to 23 allows a 1,3-dipolar cycloaddition cascade that leads directly to 
the triazolobenzodiazepine 24 by heating at 150°C. The yield of this step was low (13%). Finally, 
the reduction of carbonyl group with BH3 provided 25.

They assessed this compound by a binding assay (AlphaScreen), and it showed good activity 
against all bromodomains. After that, they optimize it and expand the series, obtaining a 
range of analogs.

BET inhibitors have been shown to have a remarkable effect on certain primary cells and cell 
lines, consequently of downregulation of oncogenes like c-MYC. From all of the analogs, and 
after the tests were done, they selected two of these compounds, both with excellent selectivity 
in BET domains, and tested them against a cancer cell panel to study their antileukemic effects.
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They showed potent antiproliferative activity in some specific leukemia and downregula-
tion of oncogene MYC. They also tested them on primary mouse osteosarcoma (OS) cells: 
both compounds inhibited proliferation of primary OS cell types, showing the utility of 
1,2,3-triazolobenzodiazepine derivatives in cancer studies.

This new line of study shows a different and interesting use for BZDs that needs to continue 
to be developed according to the actual interest in the different lines of cancer treatment 
research. It is an example of how drugs that already exists for a determinate purpose can 
become the main source for a study with very different new indications.

5.1. Analysis of the reasons that lead to abuse and addiction

Nowadays, BZDs are mostly used for symptomatic treatment of anxiety and/or insomnia, 
anesthesia, and AWS. Many BZDs received FDA approval for the treatment of “anxiety 
states” or “anxiety disorders.” Therefore, BZD treatment represents an off-label use (without 
FDA disease-specific approval) for most mental disorders.

Serotonergic agents (SSRIs or serotonin and norepinephrine reuptake inhibitors [SNRIs]) are 
the first-line pharmacologic treatments for anxiety disorders. These antidepressants typically 
take 4–6 weeks before they exert clinical effect, even more in the treatment of anxiety symp-
toms. When this treatment is initiated, it is typical to co-administer BZDs [28].

Moreover, antidepressants are not necessarily effective at starting doses. During titration to an 
effective dose (by increasing it in a gradual way), a patient can remain symptomatic. Consequently, 
it can be months before anxiety relieves because of the antidepressant treatment. Theoretically, 
BZDs are commonly used as adjuncts during the first few weeks of starting a serotonergic agent 
with the hopes that once a therapeutic dose is achieved, the BZD can be discontinued.

Unfortunately, there is no evidence to support this practice. This was verified in a cohort’s study 
performed between 2001 and 2004 to patients with recent depression diagnosis and with no 

Scheme 6. Synthesis of 7 (1,2,3-triazolobenzodiazepine) [27].
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They showed potent antiproliferative activity in some specific leukemia and downregula-
tion of oncogene MYC. They also tested them on primary mouse osteosarcoma (OS) cells: 
both compounds inhibited proliferation of primary OS cell types, showing the utility of 
1,2,3-triazolobenzodiazepine derivatives in cancer studies.

This new line of study shows a different and interesting use for BZDs that needs to continue 
to be developed according to the actual interest in the different lines of cancer treatment 
research. It is an example of how drugs that already exists for a determinate purpose can 
become the main source for a study with very different new indications.

5.1. Analysis of the reasons that lead to abuse and addiction

Nowadays, BZDs are mostly used for symptomatic treatment of anxiety and/or insomnia, 
anesthesia, and AWS. Many BZDs received FDA approval for the treatment of “anxiety 
states” or “anxiety disorders.” Therefore, BZD treatment represents an off-label use (without 
FDA disease-specific approval) for most mental disorders.
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the first-line pharmacologic treatments for anxiety disorders. These antidepressants typically 
take 4–6 weeks before they exert clinical effect, even more in the treatment of anxiety symp-
toms. When this treatment is initiated, it is typical to co-administer BZDs [28].

Moreover, antidepressants are not necessarily effective at starting doses. During titration to an 
effective dose (by increasing it in a gradual way), a patient can remain symptomatic. Consequently, 
it can be months before anxiety relieves because of the antidepressant treatment. Theoretically, 
BZDs are commonly used as adjuncts during the first few weeks of starting a serotonergic agent 
with the hopes that once a therapeutic dose is achieved, the BZD can be discontinued.

Unfortunately, there is no evidence to support this practice. This was verified in a cohort’s study 
performed between 2001 and 2004 to patients with recent depression diagnosis and with no 

Scheme 6. Synthesis of 7 (1,2,3-triazolobenzodiazepine) [27].
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previous treatment. No significant differences were found between the group that only was tak-
ing antidepressant and the group that simultaneously started both antidepressant and BZD [29].

Despite conventional knowledge, BZDs do not make SSRIs more effective when prescribed 
simultaneously. There are no long-term benefits, but there is a long-term risk of physical 
dependence (tolerance and/or withdrawal) when these drugs are associated at the beginning 
of the treatment. Moreover, it is frequently for patients to continue BZDs long term in the 
presence or absence of the antidepressant. Despite many clinicians intending to interrupt 
them after the 4–6 weeks (when SSRIs begin to have their therapeutic effect), 12% of patients 
receiving this treatment and trialed at the study previously mentioned to continue BZDs for 
over 6 months—sometimes in the absence of SSRIs—likely indicating the difficulty of discon-
tinuing BZDs once started [29, 20].

Despite these mentioned factors, the rate of physicians prescribing this way has not stopped 
growing in the last 25 years [28]. Because of the risks associated with BZD, this practice 
(simultaneous new use at antidepressant initiation) requires careful consideration.

The only mental disorders—not including alcohol/sedative-hypnotic withdrawal—for which 
there is an evidence basis for BZD treatment are PD, GAD, social anxiety disorder (SAD), and 
insomnia. For these four conditions, BZDs have only demonstrated efficacy for short-term 
durations (less than 2–4 weeks) and for treatment-resistant cases. Even for those conditions, 
which there are proofs of efficacy, there is no evidence for benefit in long-term treatment [20].

Nevertheless, BZDs are frequently overprescribed for other indications for which there is no evi-
dence of efficacy, to individuals who have contraindicated comorbid conditions, for longer peri-
ods than are recommended, and before other first- and second-line treatments are tried or offered.

Apart from these four previously mentioned, there are no other mental disorders with an 
evidence basis for BZD treatment. To the contrary, this treatment in post-traumatic stress 
disorders (PTSD) is particularly concerning because BZDs have not proved to possess pre-
ventative value and may actually increase the risk in 2–5 times of developing PTSD among 
the patients with trauma. Moreover, PTSD is commonly comorbid with conditions that are 
contraindicated for BZDs (substance use disorders, traumatic brain injury, depression, etc.), 
and BZDs can inhibit trauma-focused psychotherapy by inhibiting the cognitive processing, 
which is extremely necessary for a good recovery [30].

It is common in many disorders to find patients receiving treatment not supported by 
evidence-based clinical practice guidelines (CPGs). Though the only FDA-approved medi-
cations for PTSD are sertraline and paroxetine (both antidepressants), of PTSD patients receiv-
ing pharmacotherapy: 65–90% receive antidepressants, 37–74% receive sedative-hypnotics 
(including BZDs), and 21–34% receive antipsychotics [20]. In fact, most of CPGs strongly 
recommend against the use of BZDs for PTSD, such as the guideline done by the Department 
of Veterans Affairs/Department of Defense (VA/DOD) [31].

Psychotherapy is the gold standard treatment for anxiety, while medications are generally 
considered adjunctive: only serotonergic agents (SSRI and SNRI) are considered first-line 
pharmacologic monotherapies [32]. The evaluation of the recovery should be based on the 
improvement of the normal functioning and not only based on the results of the sedation, 
which often does not relate with the patients’ improvement. A variety of evidence-based 
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treatments might be considered previous to initiating BZD treatment if there is not a strong 
evidence of efficacy. In many cases of anxiety, psychotherapy or support would be advised, 
instead of starting a treatment with a high potential of risk.

An other reason that should be considered when talking about possible addiction is, as pre-
viously mentioned, the elevated percentage of patients who continue to use BZDs for long 
term or self-medication. Even when the prescription instructions are followed, these drugs 
normally present difficulties when discontinued, mostly due to their properties such as the 
quick onset and relief of the symptoms that are likely to cause addiction.

To help prevent abuse and diversion of BZDs, prescribers should use appropriate precau-
tions, similar to those used when prescribing other controlled substances such as opioids.

5.2. “Z-drugs” or nonbenzodiazepines

As introduced before, a new type of related drugs appeared in the 1990s specifically for 
insomnia treatment: nonbenzodiazepines receptor agonists (NBRAs) or Z-drugs.

There are three approved: zolpidem, zopiclone, (eszopiclone as the active enantiomer), and 
zaleplon. They present the same mechanism of action than BZDs (facilitating the inhibitory 
effect of GABA) but showing more selectivity for BZ1, which affects specifically to sedation 
and also cause fewer adverse effects [19]. However, they do not have BZD chemical structure, 
not even the same between them.

The synthesis of zolpidem is proposed in Scheme 7. The aminomethylation of the imidaz-
opyridine yields the 3-dimethylamino derivative 27, which is alkylated with CH3I to obtain 
the quaternary ammonium salt 28, which is then reacted with sodium cyanide to give the 
corresponding nitrile 29. The acid hydrolysis of the nitrile yields the carboxylic acid 30, which 
is activated with carbonyldiimidazole (CDI) and then treated with dimethylamine excess to 
obtain the corresponding dimethylamide 31 (zolpidem) (Figures 6 and 7).

The adverse effects of traditional BZDs (like alteration of the sleep architecture, reduction of 
deep sleep (REM), and residual effects on daytime lead to dependence, tolerance, and with-
drawal) have driven the development of these alternative sedative-hypnotic drugs.

Scheme 7. Chemical structure of the three commercialized Z-drugs.
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Z-drugs have significant hypnotic effects by reducing sleep latency and improving sleep 
quality, though duration of sleep may not be significantly increased. Their pharmacokinetics 
properties approach those of the “ideal hypnotic” with rapid onset within 30 min and short 
half-life (Table 3).

Initially clinical trials were promising due to their low adverse effects and improvements, 
reducing the potential of abuse. They possess short duration of action and half-life, do not 
disturb sleep architecture, and cause less residual effects during daytime hours, making them 
more clinically attractive than BZDs [22, 35].

Despite that, there are other kinds of side effects that are common among these drugs. During 
the first trails, the most reported side effects were nausea, dizziness, malaise, hallucination, 
nightmares, or agitation. Although zolpidem appeared to be well tolerated, there were cases 
of abuse, withdrawal, or tolerance in cases where the recommended dose of zolpidem was 
exceeded or with patients who had a history of substance abuse and/or a psychiatric disorder.

Later, cases of Z-drug reports causing visual hallucinations and amnesia in people with no 
history of mental disease appeared. Although the mechanism of action to describe these phe-
nomena is not clear, it is speculated that GABA receptor (α1 subunit) may be overexpressed, or they 
may be rapid activation after quick absorption in sensitive individuals [36]. As seen in the reports, 
this is especially true for those patients with mental disease such bipolar disorder, borderline 

Figure 7. Flumazenil.

Figure 6. Synthesis of zolpidem via Mannich aminomethylation [33].
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personality disorders, or drug abuse potential, because the sensitization of GABA receptors in 
some of these patients may predispose to the development of hallucinations [37].

Other symptoms seen in the reports are bizarre and complex behavioral effects like sleep-
related complex behaviors [38], proved to be related with Z-drugs, particularly zolpidem [39]. 
There have also been some reports and posterior studies of suicidal attempts by zolpidem. 
In 2016 a study demonstrated a significant association between using zolpidem and suicide or 
suicide attempt in people with or without comorbid psychiatric illnesses [40].

Reports of incidents related with these drugs had increased over the years, indicating that 
zolpidem and others may not be considered as risk-free and should be carefully prescribed, 
dispensed, and used [19].

Studies have seen that Z-drugs usually present the same problems that of BZD: they are pre-
scribed for longer use with excessive doses, particularly in the elderly. This fact shows a rela-
tion with the high incidence of falls and risk of hip fracture among these patients [15]. There 
are also studies that support the lack of demonstrable improved efficacy of Z-drugs, which 
causes similar rates of adverse events compared to benzodiazepines [41].

The last aspect to consider these drugs is their potential recreational use. As what happens with 
BZD, by mixing high doses of drug with opioids or alcohol, a major CNS depression is obtained, 
producing euphoric “high” symptoms with anterograde amnesia on the next day. A study carried 
out in 2011 showed that when zolpidem was ingested with other medications or ethanol, admis-
sions to the ICU were highly common. Despite its reported safety, these overdoses often required 
ICU admissions, which were results of the association with other drugs and/or alcohol [42].

5.3. Tolerance, dependence, and withdrawal syndrome

Despite BZDs’ successful use, tolerance was rapidly discovered and studied. A clinical trial 
in 1985 performed by the Medical College of Ohio showed the regional differences in down-
regulation of brain BZD receptors using a quantitative autoradiographic method because of 
the chronic presence of this drug to its receptor locus [43].

Clinical experience showed that benzodiazepines are frequently used for long-term treatment, 
and there are many reasons for this: prescribing tradition, patient preference, difficulties 

Drug Onset (min) Half-life 
(h)

Duration of action Insomnia indication

Zolpidem 30 1.4–4.5 Short Sleep onset

Zolpidem ER 30 1.6–5.5 Intermediate Sleep onset and sleep maintenance

Zaleplon 20 0.5–1 Ultrashort Sleep onset

Eszopiclone 30 6–7 Intermediate Sleep maintenance

ER = extended release. Due to its duration of action, zaleplon does not present next-day drowsiness; it can be taken within 
4–5 hours of wake time without the risk of hangover effect [34].

Table 3. Principal Z-drugs and properties.
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personality disorders, or drug abuse potential, because the sensitization of GABA receptors in 
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associated with benzodiazepine withdrawal (even in patients taking low doses) because 
they have a rapid clinical onset of action, and good efficacy with few initial adverse effects. 
Long-term intake of a drug can induce tolerance of the secondary effects (because increased 
amounts are needed to achieve intoxication, or the effects are minimized with continued 
use) and physical dependence, a risk associated even at therapeutic doses [44]. There is no 
standard definition of long-term use, but the most common is 6–12 months. Tolerance to the 
sedating effects of benzodiazepines is rapid, but tolerance to the anxiolytic effects develops 
slowly and to a limited extent.

Symptoms of withdrawal after long-term benzodiazepine use usually develop faster with 
shorter-acting drugs (within 2–3 days) than with longer-acting drugs (within 5–10 days). This 
is presented by physical symptoms (spasms, weakness, muscle tension, etc.) and psycho-
logical symptoms (anxiety and panic disorders, agitation, mood changes). Seizures are also 
quite common, especially if the agent is discontinued abruptly. Severe withdrawal symptoms 
include paranoid thoughts, hallucinations, and delirium [7].

5.3.1. Intoxication and antidote

Generally, BZDs are a safe family of drugs because they present a large therapeutic index. 
Patients may misuse them by self-medication or by increasing the therapeutic dose for 
recreational purposes [45]. Real risk comes when patients combine these drugs with other 
substances: the combined use of alcohol and benzodiazepines increases the risk of a fatal 
overdose. A similar fatal interaction can occur with opioids: BZDs are often misused by high-
risk opioid users and are associated with morbidity and mortality among this group.

Misuse or abuse may lead to intoxication or a withdrawal syndrome, which may be fatal. 
Differential diagnosis of intoxication by these drugs could be polydrug use (toxicity is highly 
augmented by combination with other drugs), epilepsy, agitation, alcohol withdrawal delir-
ium or respiratory depression, among others [7].

Fortunately, overdose with benzodiazepines and Z-drugs responds to an antagonist, flumaze-
nil, although it has its limitations and potential adverse effects.

This benzodiazepine antagonist, flumazenil, is available for the treatment of acute benzodiaz-
epine intoxication and has been shown to reverse also the sedative effects of all three Z-drugs 
[35]. Actually, it is a BZD with high affinity, which is able to displace other BZDs and has very 
short half-life, of approximately 1 hour.

It is used for:

• BZDs or Z-drugs intoxications

• To reverse the effects of anesthesia caused by a BZD

• Diagnosis of states of coma, which have an unknown origin

However, it may not completely reverse respiratory depression, and it can provoke with-
drawal seizures in patients with benzodiazepine dependence [9].
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5.3.2. Possible treatment of dependence to avoid withdrawal symptoms

Based on several guidelines to avoid withdrawal symptoms, different steps are recommended 
when patients want to quit a BZD treatment. For the following recommendations, a specific 
guideline is consulted: Benzodiazepines: how they work and how to withdraw or commonly known 
as The Ashton Manual [46]. It is written by Professor C Heather Ashton, a psychopharmacolo-
gist from Newcastle, who has dedicated the majority of her career to psychotropic drugs, and 
especially to BZDs.

Successful withdrawal strategies should combine gradual dosage reduction and sufficient 
psychological support. The precise rate of withdrawal is an individual matter and should 
be personalized, depending on many factors including the dose and type of BZD used, the 
duration of use, and the personality and the will of the patient. For patients without any 
motivation for withdrawal and those with a severe depressive episode or other major mental 
disorders, stabilization might be preferable before initiating withdrawal treatment [7].

Various authors suggest optimal times from 6 to 8 weeks to several months for the duration of 
withdrawal, but some patients may take a year or more if they have taken BZDs in prolonged 
use. The best results are achieved if the patient himself is in control of the rate of withdrawal 
and proceeds at whatever rate he finds tolerable.

5.3.2.1. Dose tapering

Sedative withdrawal symptoms can be avoided by slowly tapering down the dose of the 
BZD over several weeks and by managing the anxiety if needed. Under any circumstances 
it is recommended to suddenly stop the treatment. Abrupt withdrawal, especially from high 
doses, can precipitate convulsions, acute psychotic or confusional states, and panic reactions 
[47]. The ideal situation is one where the patient, with the help of the doctor, decides together 
the schedule, accepting that there will be readjustments to the time according to his progress. 
The length of time between each dose reduction should be based on the presence and severity 
of withdrawal symptoms. The longer the interval between reductions, the more comfortable 
and safer the withdrawal would be [48].

5.3.2.2. Switching to a long-acting BZD

With short-acting BZDs, it is impossible to achieve a smooth decline in blood and tissue concen-
trations because of the way they are eliminated quickly from the body. In these cases, it is preferred 
to switch to a long-acting and slowly metabolized BZD such as diazepam. Due to its metabolites 
and long half-life, it is easy to decrease the concentrations in a smooth and gradual way.

The dose has a very important role: not only it has to be changed by the equivalent in diazepam 
but it also has to contemplate the properties of each BZD (if changed to an anxiolytic for a 
hypnotic, different symptoms can be expected). Diazepam is also good to switch to, because its 
presentation (2 or 10 mg) makes the dose adaptation easier for every patient.

As indicated before, there is an equivalence of doses between different compounds depend-
ing on the active metabolites and the potency (Table 4).
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recreational purposes [45]. Real risk comes when patients combine these drugs with other 
substances: the combined use of alcohol and benzodiazepines increases the risk of a fatal 
overdose. A similar fatal interaction can occur with opioids: BZDs are often misused by high-
risk opioid users and are associated with morbidity and mortality among this group.

Misuse or abuse may lead to intoxication or a withdrawal syndrome, which may be fatal. 
Differential diagnosis of intoxication by these drugs could be polydrug use (toxicity is highly 
augmented by combination with other drugs), epilepsy, agitation, alcohol withdrawal delir-
ium or respiratory depression, among others [7].

Fortunately, overdose with benzodiazepines and Z-drugs responds to an antagonist, flumaze-
nil, although it has its limitations and potential adverse effects.

This benzodiazepine antagonist, flumazenil, is available for the treatment of acute benzodiaz-
epine intoxication and has been shown to reverse also the sedative effects of all three Z-drugs 
[35]. Actually, it is a BZD with high affinity, which is able to displace other BZDs and has very 
short half-life, of approximately 1 hour.

It is used for:

• BZDs or Z-drugs intoxications

• To reverse the effects of anesthesia caused by a BZD

• Diagnosis of states of coma, which have an unknown origin

However, it may not completely reverse respiratory depression, and it can provoke with-
drawal seizures in patients with benzodiazepine dependence [9].
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5.3.2. Possible treatment of dependence to avoid withdrawal symptoms

Based on several guidelines to avoid withdrawal symptoms, different steps are recommended 
when patients want to quit a BZD treatment. For the following recommendations, a specific 
guideline is consulted: Benzodiazepines: how they work and how to withdraw or commonly known 
as The Ashton Manual [46]. It is written by Professor C Heather Ashton, a psychopharmacolo-
gist from Newcastle, who has dedicated the majority of her career to psychotropic drugs, and 
especially to BZDs.

Successful withdrawal strategies should combine gradual dosage reduction and sufficient 
psychological support. The precise rate of withdrawal is an individual matter and should 
be personalized, depending on many factors including the dose and type of BZD used, the 
duration of use, and the personality and the will of the patient. For patients without any 
motivation for withdrawal and those with a severe depressive episode or other major mental 
disorders, stabilization might be preferable before initiating withdrawal treatment [7].

Various authors suggest optimal times from 6 to 8 weeks to several months for the duration of 
withdrawal, but some patients may take a year or more if they have taken BZDs in prolonged 
use. The best results are achieved if the patient himself is in control of the rate of withdrawal 
and proceeds at whatever rate he finds tolerable.

5.3.2.1. Dose tapering

Sedative withdrawal symptoms can be avoided by slowly tapering down the dose of the 
BZD over several weeks and by managing the anxiety if needed. Under any circumstances 
it is recommended to suddenly stop the treatment. Abrupt withdrawal, especially from high 
doses, can precipitate convulsions, acute psychotic or confusional states, and panic reactions 
[47]. The ideal situation is one where the patient, with the help of the doctor, decides together 
the schedule, accepting that there will be readjustments to the time according to his progress. 
The length of time between each dose reduction should be based on the presence and severity 
of withdrawal symptoms. The longer the interval between reductions, the more comfortable 
and safer the withdrawal would be [48].

5.3.2.2. Switching to a long-acting BZD

With short-acting BZDs, it is impossible to achieve a smooth decline in blood and tissue concen-
trations because of the way they are eliminated quickly from the body. In these cases, it is preferred 
to switch to a long-acting and slowly metabolized BZD such as diazepam. Due to its metabolites 
and long half-life, it is easy to decrease the concentrations in a smooth and gradual way.

The dose has a very important role: not only it has to be changed by the equivalent in diazepam 
but it also has to contemplate the properties of each BZD (if changed to an anxiolytic for a 
hypnotic, different symptoms can be expected). Diazepam is also good to switch to, because its 
presentation (2 or 10 mg) makes the dose adaptation easier for every patient.

As indicated before, there is an equivalence of doses between different compounds depend-
ing on the active metabolites and the potency (Table 4).

1,4-Benzodiazepines and New Derivatives: Description, Analysis, and Organic Synthesis
http://dx.doi.org/10.5772/intechopen.79879

85



Most potent drugs like alprazolam, clonazepam, or lorazepam, which has 10–20 times more 
potency that diazepam, are highly addictive; dependence develops rapidly, and they are par-
ticularly hard to leave. In addition, their dose presentations do not allow a gradual dosage 
reduction when withdrawal.

6. Conclusions

Concerning the prescriptions, guidelines have failed to reduce the prescriptions: clinicians 
do not always adhere to recommendations to use BZDs as hypnotics and anxiolytics only for 
short term and only after trying psychological therapies. It has been difficult to accept the 
high risk and low benefits of the long term in most of the cases.

The equivalence of doses between different compounds had presented difficulties, leading 
to incorrect and excessive dose prescriptions in many situations. Prescriptions of most potent 
BZDs (as alprazolam, clonazepam, or lorazepam) with excessive dosage are the more problematic, 
partly of their addictive potential and partly of their dose presentation, that does not allow a 
gradual dosage reduction when withdrawal.

New lines of study related with BZDs as BET inhibitor compounds are an interesting way to 
change the direction of the therapeutic uses, especially long term. Other new uses, as periop-
erative, are a valuable way to use an adverse effect derived from the biological activity and 
apply it with a clinical purpose.

After analyzing the advantages and disadvantages of the Z-drugs, it can be concluded that 
even if they are not exactly as BZD, they must be treated with the same precaution due to the 
amount of adverse effect reports that had appeared over the recent years.

Despite the amount of biomedical literature on BZDs and Z-drugs, there is still a need to 
answer vital questions relevant to their effectiveness and safety in society, for example, the 
possibility of irreversible effects due to extended treatment, especially those associated to new 
safety accusations [16].

Benzodiazepine Half-life (h) (active metabolite) Oral dosages (mg)

Alprazolam (Xanax) 6–12 0.5

Clonazepam (Klonopin) 18–50 0.5

Lorazepam (Ativan) 10–20 1

Diazepam (Valium) 20–100 10

Chlordiazepoxide (Librium) 5–30 25

Clorazepate (Tranxene) 36–200 15

Oxazepam (Serax) 4–15 20

Table 4. Half-life and equivalent potencies of BZD anxiolytics [5].
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The constant investigation concerning BZDs is an indication that the problems related with 
these drugs are an actual concern, not only as a medical issue but also as a social concern. On 
July 11, there is a “World Benzodiazepine Awareness day (W-BAD),” with the objective to 
educate the population, to offer support to the patients suffering from dependence, and to 
try to gain global awareness about the dependency this kind of drugs cause if they are not 
prescribed correctly, among others [49].
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The clavulanic acid derived by fermentation of Streptomyces clavuligerus and possessed 
the capability to inactivate a broad range of β-lactamase enzymes. A complex physico-
chemical process involves the binding of clavulanic acid to β-lactamases in which clavu-
lanic acid itself deplete irreversibly along with β-lactamase enzyme rendering amoxicillin 
spared which otherwise would hydrolyze by an enzyme. It is therefore termed as ‘suicide 
‘inhibitor for β-lactamases. We discussed here pharmacokinetic parameters and identi-
fied factors responsible for the variability of absorption of clavulanic acid. The results 
based on individual plasma concentration-time curve of amoxicillin and clavulanic acid 
in an open, randomized, two-way crossover study involving 10 healthy male subjects 
administered with two amoxiclav formulations.
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(Z)-(2R,5R)-3-(2-hydroxyethylidine)-7-oxo-4-1-azabicyclo[3.2.0]-heptane-2-carboxylate, 
represented as in Figure 1. Mainly it combines with amoxicillin to broaden its antibacte-
rial spectrum [1]. A complex physicochemical process involve in binding of clavulanic acid 
to β-lactamases in which clavulanic acid itself deplete irreversibly along with β-lactamase 
enzyme rendering amoxicillin spared which otherwise would hydrolyzed by enzyme. It is 
therefore termed as ‘suicide ‘inhibitor for β-lactamases. A very low plasma concentration of 
clavulanic acid is required for this target action. After oral administration the pharmacoki-
netic parameters of both components i.e. amoxicillin and clavulanic acid were similar and 
they did not affect pharmacokinetic parameters of each other [2–6]. This could be one of 
reason for their antimicrobial combination. In combination clavulanic acid and amoxicillin 
used in different composition i.e. 250/125, 500/125 and 850/125 respectively. In this amount 
of amoxicillin varies but that of clavulanic acid remain constant i.e. 125 mg. It would suggest 
that there is no significant amount required for clavulanic acid to inhibit β lactamase enzymes 
[3]. We discussed here pharmacokinetic parameters and identified factors responsible for 
variability of absorption of clavulanic acid and compared it with previous reported data. The 
results based on individual plasma concentration-time curve of amoxicillin and clavulanic 
acid in an open, randomized, two-way crossover study involving 12 healthy male subjects 
administered with two amoxiclav formulations.

2. Parameter which is associated to show variability of absorption

Mainly Ct (concentration at time t) is responsible for clinical effects of any drug. When Ct is 
higher the AUC (Area under Curve) and Cp (plasma concentration) will also show higher 
values. Thus they all are co-related to show any clinical effect but question arises that which 
pharmacokinetic parameter or any other factor is most likely to show variability in absorp-
tion of any drug which would ultimately affect its clinical effect. Clavulanic acid along with 
amoxicillin is well absorbed from stomach after oral administration without having any 
impact of fasting and fed state on the pharmacokinetics of amoxicillin. While relative bioavail-
ability of clavulanic acid becomes reduced when administered after 30 and 150 min of high 
fat breakfast. The logic behind reduced bioavailability of clavulanic acid after ingestion with 
the meal was due to prolong residence time of clavulanic acid in GI due to intragastric tablet 
deposition in the proximal stomach. The half-life of clavulanic acid is 1.0 h and 25–40% of it is 
excreted unchanged in urine following first 6 h of administration. Clavulanic acid is difficult 
to extract out from plasma as it has been bound approximately 25% to human serum and 
therefore required double extraction procedure to observe by liquid chromatography. After 
absorption clavulanic acid is well distributed in body tissues [7].

Figure 1. Structure of clavulanate potassium.
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2.1. Content assay for co-amoxiclav tablets by HPLC

The content assay for co-amoxiclav tablets was carried out by validated HPLC method. 
The method validation was carried out according to USP guidelines. For good and accurate 
resolution and reproducibility of the presented method various suitability considerations 
including tailing factor, retention time, resolution, RSD% of retention time and peak areas 
were determined and were found within acceptable range. The method was found to be 
specific for the determination of particular analyte. Specificity was determined by injecting 
the analytical placebo(containing all excipient of tablet except amoxicillin and clavulanic 
acid). The interference by these excipients were determined by evaluating mixture of all 
excipient(placebo),standard solutions and commercial pharmaceutical preparations con-
tained amoxicillin and clavulanic acid within the same chromatographic condition.

The linearity of HPLC method was determined for amoxicillin and clavulanic acid. Ten dilutions 
of amoxicillin and eight dilutions clavulanic acid of different concentrations were prepared in 
mobile phase then sample size of 20 μl of each concentration was injected into HPLC. The detec-
tor response was measured at 235 nm and the calibration plots(concentration versus peak area) 
were obtained using the linear regression method. The linearity data showed linearity over a 
concentration range of 0.03–31.25 μg/ml for amoxicillin and 0.24–15.6 μg/ml for clavulanic acid. 
Repeatable and intermediate precision of method was determined. During the same day with the 
same experimental condition repeatability of four determination (n = 4) at the same concentra-
tion was calculated. The results of assay were compared and evaluated on three different days by 
different analyst for intermediate precision. The precision values for amoxicillin and clavulanic 
acid were found to be 0.91 and 0.35% for intraday and 0.89 and 0.34% for inter-day respectively.

The recovery studies were carried out for the assurance of reliability and accuracy of the 
proposed method. A known quantity of the drug added with preanalyzed sample and then 
reanalyzed by the proposed method. The recovery studies for amoxicillin and clavulanic acid 
were performed at three different concentrations corresponded to 80, 100 and 120% of active 
ingredients. For each concentration mean %recovery were from 99.7 to 101.4 for amoxicillin 
and 100 to 101.4% for clavulanic acid.

Small variation in the method parameters was created to measure its reliability during routine 
usage and the robustness. Not any significant effect on the method performance was observed 
by changing the flow rate of mobile phase, column temperature and ratio of organic content 
in mobile phase indicated that the test method was robust for all variable conditions (Table 1).

2.2. Pharmacokinetic evaluation of co-amoxiclav tablet

In Pakistan Co-amoxiclav tablet of 375 mg marketed by a multinational company Code #1 
Pakistan and a local company Code #2 (Table 2). Physico-chemical and potency determination 

Medium Parameters Amoxicillin Clavulanic acid

In mobile phase/plasma Limit of Quantification {LOQ(μg/ml)} 0.030/0.0075 0.243/0.12

Limit of Detection {LOD(μg/ml)} 0.015/0.0037 0.12/0.06

Table 1. Validation parameters of amoxicillin and clavulanic acid in mobile phase.
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Name of product Strength (mg) Date of mfg. Date of exp. Retail price (Rs) Industrial supplier

(AMCL1) 250/125 02–12 08–13 75.00 Code#1

(AMCL2) 250/125 04–12 04–14 82.00 Code#2

Note: This was a 2 year study and during this period we have taken products from different lots available in the market.

Table 2. Details of different amoxicillin/clavulanic acid products available in Pakistan.

from both sources of different batch were analyzed. This analysis was carried out just to com-
pare the two different brands available in Pakistan as an added parameter. The main objective 
of study is to conduct pharmacokinetic study of Co-amoxiclav tablet from a multinational 
company in local population and to find out difference in the pharmacokinetic parameters 
with the previous reported data due to racial inconsistency. It was preferred to compare only 
multinational brand because this has been most commonly prescribed by the prescriber to treat 
infections and the local brand did not proved to be as efficacious as that of multinational brand.

The study was two treatments, two sequences, single dose and cross over design in 12 nor-
mal healthy volunteers. An equal number of volunteers were assigned to each sequence. The 
study covers to determine the pharmacokinetic parameters i.e. Cmax, Tmax, AUC, rate con-
stant, Vd, total clearance and T½ of Co-amoxiclav in local population. The subjects engaged in 
the study were member of community at large and full-fill all of criteria to be included in the 
study. This criterion includes healthy males with normal vital signs, blood hematology and 
chemistry, non-smoker, able to consent and swallow. The study design was endorsed by the 
National Bioethics Committee, Ministry of Health, Government of Pakistan, Islamabad after 
critical ethical review and a written informed duly signed by volunteers has been taken. Four 
volunteers withdraw during study.

2.3. Bioanalytical validation

Plasma amoxicillin and clavulanic acid concentrations were determined using validated meth-
ods such as LC/MS/MS analysis (GTF) [8] (Table 3). The method was also validated according 
to International Council for Harmonization (ICH) guidelines (Figures 2 and 3).

The fundamental parameters of validation were Specificity, linearity, accuracy, precision, sensitiv-
ity, reproducibility, stability and robustness. All these parameters were determined and validated.

Product name % labeled strength Product name % labeled strength

AMCL1 106.1 CODE #1 113.38

AMCL2 119.8 CODE #2 109.9

Mean 112.9 111.64

S.D 9.6 2.46

>> Amoxicillin and clavulanate potassium tablets contain equivalent of not less than 90.0% and not more than 120.0% of 
the labeled amount of amoxicillin and clavulanic acid (USP 28).

Table 3. HPLC assay of different brands of amoxicillin/clavulanic acid tablet (250/125 mg) available in Pakistan.
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Mobile Phase containing methanol (10 volume) and 0.02 M disodium hydrogen phosphate buf-
fer (90 volume). The pH was adjusted to 3.0 by phosphoric acid. The mobile phase was filtered  
and degassed. An HPLC isocratic pump with UV–VIS detector was attached with RP 18e column  
(Hibar, 250 × 4.6 cm).

In a glass stoppered 15 ml centrifuge tube 0.75 ml of acetonitrile was added to 0.5 ml of plasma. 
After mixing(30s) the mixture centrifuged for 10 min at 5000 × g. Then 2.5 ml of dichlorometh-
ane was added to 300 μl of supernatant. After mixing (30 s) the mixture centrifuge for 10 min at 
5000 × g. Then 20 μl of supernatant was injected into liquid chromatograph at 235 nm detection 
wave length.

2.4. Pattern of variable absorption of clavulanic acid from different oral 
formulations of co-amoxiclav in healthy subjects

There has been no study to compare the difference of blood concentration time curve of dif-
ferent formulations of co-amoxiclav in local population of Pakistan. Therefore author tried 
to focus on the Pharmacokinetic pattern especially of clavulanic acid. It is due to fact that 
absorption of clavulanic acid, after oral administration, is highly variable and may vary over a 
five-fold range between patients [9]. Based on the plasma amoxicillin and clavulanic acid con-
centrations of individual subjects, were calculated by applying both compartmental and non-
compartmental method of analysis. As best fitted pharmacokinetic model one compartmental 

Figure 2. Linearity curve of clavulanic acid: conc vs. area showing linearity between standard solution and peak area.

Figure 3. Linearity curve of amoxicillin: conc vs. area showing linearity between standard solution and peak area.
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model with lag time, first order absorption and first order elimination was selected for both 
amoxicillin and clavulanate potassium.

The software Kinetica™ Ver 4.4.1. (Thermo Electron Corporation, USA) used to determine all 
parameters including both compartmental and non-compartmental analysis and interrelated 
for any variation in AUCt and demographic facts. The parameters determined were:

Cmax, Tmax (observed and calculated), Ka, Kel, T½ ka, T½α. AUC0−t, AUC0−α, ƛz, Vz, Vss, 
AUC last. AUC extrapolated, AUC total, %AUC extrapolated, AUMC and MRT.

where Cmax is maximum plasma concentration of drug(mg/L), Tmax is time required to 
achieve Cmax(h), Ka is absorption rate constant, AUC0−t, AUC0−α, AUC last with the help of 
linear trapezoidal method to find area under plasma-concentration time curve up to last mea-
surable concentration (mg.h./L),Kel is elimination half-life (h), ƛz is terminal rate constant, 
Vz is apparent volume of distribution during terminal phase (L/kg), Vss is apparent volume 
of distribution at steady state (L/kg), AUMC is area under the first moment of concentration-
time curve from time zero to infinity (amount.(time)2/volume) and MRT is mean residence 
time (h).

The mean ± plasma concentration time-curve of co-amoxiclav (250/125 mg) tablet of formula-
tion 1 is shown in Figure 4 in healthy volunteers (n = 8). The other formulation showed similar 
results. The half-life of all both formulation was 1.34 ± 0.06 h for amoxicillin and 1.20 ± 0.03 h 
for clavulanic acid.

The area under the concentration-time curve of clavulanic acid is the best measure of the 
absorption and beneficial effects in the recipient. Calculating the area under the curve using 
trough and peak blood levels versus using isolated readings for either of these levels alone is 
the most effective method of monitoring.

The mean AUC0−α values calculated through compartmental analysis were 26.81 ± 0.70 μg.h/
ml for amoxicillin while for clavulanate potassium 7.90 ± 0.13 μg.h/ml. The values of mean 
AUClast and AUCtot from non-compartmental analysis were 23.33 ± 0.70 and 27.96 ± 0.76 μg.h/
ml for amoxicillin. The clavulanate potassium showed the values of AUC last and AUC tot 
were 7.05 ± 0.11 and 7.70 ± 0.16 μg.h/ml.

Figure 4. Comparison of mean (±S.D) plasma-concentration time profile of amoxicillin and clavulanic acid after oral dose 
of 250/125 mg co-amoxiclav tablet (n-8: Formulation 1).
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The maximum concentration Cmax of amoxicillin was achieved in 1.85 ± 0.01 h for amoxicillin 
in compartmental. Similarly Cmax for clavulanate potassium was achieved in 1.56 ± 0.01 h in 
compartmental analysis (Tables 4 and 5).

The reported values of Vss after IV administration for amoxicillin is 0.28 ± 0.06 L/kg, and the 
Vss of clavulanic acid as 0.24 ± 0.06 L/kg, showing ratio for the volume of distribution between 
clavulanic acid and amoxicillin as 0.8571 [14] and therefore on the basis of this the ratio of 
amoxicillin to clavulanic acid AUCs should be 3.4. when co-amoxiclav is at dose of 250/125. The 
author observed in this study, the lowest AUCt amoxicillin/clavulanic acid ratio was 2.7 ± 0.50 
at the lower doses used. This would assume equal absorption of both amoxicillin and clavu-
lanic acid. But in the same dose amoxicillin/clavulanic acid AUCt ratios was higher that would 
suggest that with a similar amoxicillin absorption, clavulanic acid absorption must have been 
reduced. The reported absolute bioavailability of clavulanic acid, when co-administered with 
amoxicillin has been ranged from 31.4 to 98.8% [10]. Further it is reported that there is no major 
alteration in the mean AUCt of 125 mg clavulanate when it is administered along 500 mg of 
amoxicillin, but it creates marked impact on the coefficient of variation for the AUC which alter 
from 27.6% for clavulanic acid alone to 45.6% when given with amoxicillin [15]. Various other 
studies showed mean absorption up to 97% when clavulanic acid administered alone with 
minor inter-patient variability. It indicates interaction between absorption of amoxicillin and 
clavulanic acid [11, 12] . The author further found that there was no significant variation in the 
AUC observed for amoxicillin in this study either among subjects, on the basis of demographic 
data, or between formulations, once corrected for the dose. On the contrary, high variability 
was seen between subjects in the AUC of clavulanic acid (Figure 5). There were all healthy male 
subjects (with normal renal function), and it is difficult to explain the high variability seen in 
the clavulanic acid AUC on patient factors. However, it has been reported in other studies [13]. 
Also study observed broadened Tmax i.e. increase lag time indicating a rate limiting step in the 
absorption process. The authors being able to show that two different co-amoxiclav formula-
tions each gave a variation in the absorption, or in the AUCt value, of clavulanic acid for the 
same 125 mg dose.

In a study reported broadened Tmax with high dose of amoxicillin (875 mg) indicate a rate 
limiting step in the absorption and support previous other studies [16].

In this study the authors tried to show variation in the absorption or in AUCt value of cla-
vulanic acid at 125 mg dose with two formulations. Although we did not find any report of 
therapy failure among the patients due to this variation and its clinical efficacy has been main-
tained. It would suggest that it is more important to focus on the absolute or fixed amount of 
clavulanic acid rather than on its plasma concentration.

Formulation Dose (mg) T 1/2 (h) Tmax (h) Cmax (μg/L) AUC (μg.h/L)

AMCL1 125 1.20 ± 0.02 1.56 ± 0.01 2.60 ± 0.03 8.30 ± 0.06

AMCL2 125 1.21 ± 0.03 1.54 ± 0.02 1.98 ± 0.70 7.90 ± 0.13

Table 4. Pharmacokinetic parameters of clavulanic acid.
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3. Conclusions

In conclusion, variable absorption nature of clavulanic acid has been highlighted with altera-
tion in AUCt ratio of co-amoxiclav without any known cause. However, it is evident from 
clinical data that there is not any variability in the efficacy of co-amoxiclav and that the cur-
rent dosage ratio of 4:1 holds a traditional value.

The study requires further evaluation to find out the reason for this variation.
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Figure 5. Individual AUCts of amoxicillin plotted versus the AUCts of clavulanic acid. It can be seen that there is a 
variation in the AUCts of clavulanic acid, with little variation in those of amoxicillin (95% confidence interval).
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Abstract

The new iodine complex (FS-1), including molecular iodine, which is coordinated by 
lithium, magnesium halides, and bioorganic ligands, possesses high bactericidal activity 
against various microorganisms, including Mycobacterium sp., Staphylococcus aureus MRSA 
and MSSA, Escherichia coli, Pseudomonas aeruginosa, etc. FS-1 has synergistic properties with 
a broad class of antibiotics. The experimental model of tuberculosis in guinea pigs caused 
by clinical multidrug-resistant strains of Mycobacterium tuberculosis shows antituberculosis, 
immunomodulatory, and anti-inflammatory activity. FS-1 is characterized by low acute 
toxicity and lack of genotoxicity and mutagenicity. FS-1 is well distributed to organs and 
tissues; its pharmacokinetics is linear. The maximum nontoxic dose is 100 mg/kg for rats 
after 28-day oral administration and 30 mg/kg for rabbits after 180-day oral administration.

Keywords: Mycobacterium tuberculosis, iodine, complex, antimicrobial activity, 
antimicrobial resistance, tuberculosis, antituberculosis drug, preclinical trials, toxicity

1. Introduction

Antimicrobial resistance (AMR) has long been recognized as a global problem [1, 2]. At that, 
the solution to this problem is complicated by the fact that as soon as a new antibiotic appears, 
it is immediately reported about resistance to it. For example, some isolates of Pseudomonas 
aeruginosa and Burkholderia cenocepacia showed intermediate resistance to a new antibiotic 
eravacycline as early as at the stage of clinical trials, although the antibiotic effectiveness is 
very high against other bacteria, including the multiresistant ones [3]. Sometimes this resis-
tance can be natural, for example, to pyrazinamide in Mycobacterium bovis [4, 5]. A widely 
practiced method of reducing AMR, the cyclic and mixed use of antibiotics that belong to 
alternative classes, has proved to be ineffective [6].
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distribution, and reproduction in any medium, provided the original work is properly cited.
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Pulmonary tuberculosis poses a particular problem. The global WHO report announced the 
number of new tuberculosis cases detected in 2015—2110.4 million, of which 480,000 new 
cases of multidrug-resistant tuberculosis (MDR-TB) and 7579 cases of extensively drug-
resistant TB (XDR-TB). The greatest number of the disease cases is registered in six coun-
tries—India, Indonesia, China, Nigeria, Pakistan, and South Africa—60% of the worldwide 
incidence [7]. Despite the emergence of new antituberculosis drugs, the situation with high 
resistance of M. tuberculosis remains difficult [7, 8]. In this regard, the search and development 
of new anti-infectious drugs are extremely relevant.

Among the numerous substances with high antimicrobial activity, resistance to which was 
not detected or it remains at the minimum level, there are polymeric complexes of iodine 
[9, 10]. Iodine complexes have broad antimicrobial, anti-inflammatory, immunomodula-
tory, and antitumor activity [11–16]. Really interesting are nanocomposites with molecular 
iodine, which are superior in their antimicrobial activity to the widely known complex of 
polyvinylpyrrolidone and iodine (PVP-iodine) [17, 18]. The ability of molecular iodine 
to form complexes with a variety of properties and compositions with ligands of differ-
ent nature makes it very promising to develop drugs based on iodine coordination com-
pounds [19–24].

The new drug FS-1 relates to iodine coordination compounds with bioorganic ligands, mag-
nesium, and lithium cations. The active center of FS-1 included α-dextrin helix with molecular 
iodine (I2) that is coordinated with lithium halogenides and amide groups of protein com-
ponent. Such a structure protects I2 from interaction with bioorganic compounds after oral 
intake. Bioorganic compounds are only able to compete with I2 in complexing if donor activity 
is greater as against amide groups [24–26].

The developed drug FS-1 possesses broad antimicrobial activity against antibiotic-resistant 
and antibiotic-susceptible Gram-positive and Gram-negative bacteria, mycobacteria, fungi, 
and viruses [27–33].

Both liquid and solid dosage forms of FS-1 were produced from the pharmaceutical develop-
ment process [34]. Preclinical trials of the drug FS-1 were conducted according to the recom-
mendations of the International Conference on Harmonization of Technical Requirements for 
Registration of Pharmaceuticals for Human Use (ICH). This chapter will present the major 
results from preclinical trials of the new drug FS-1, conducted in 2004–2014.

2. In vitro antimicrobial activity

The aim of these studies presented here was to assess the in vitro antimicrobial activity of 
FS-1. By using a serial dilution technique assay, the activities of FS-1 were tested against both 
on typified bacteria and on clinical isolates. Table 1 shows a list of microorganisms that were 
used to examine the in vitro effectiveness of FS-1 [27–29, 33, 35, 36].

The minimum inhibitory concentration (MIC) was in the range of 0.02–0.3 mg/mL. At 
the same time, clinical isolates M. tuberculosis SCAID 187.0 (MDR); 562, 892, 535, and 722 
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(isoniazid-resistant); and M. bovis 2, 3, and 5 showed the greatest susceptibility [36]. The MIC 
of FS-1 against Y. pestis and B. anthracis was 0.2 mg/mL [35].

FS-1 causes lysis of the bacterial cell, damaging the cell membrane [37]. A study on the mem-
brane lytic activity of FS-1 on M. smegmatis by electron microscopy showed that the bacterial 
cell lysis occurs within 5–30 minutes at a concentration of FS-1 of 4 μg/mL. In addition, FS-1 
inhibits DNA-dependent RNA polymerase (RNAP) of M. tuberculosis forming a complex 
between bacterial DNA and magnesium ion in RNAP [26].

Most bacterial diseases including tuberculosis are treated with a combination of multiple 
drugs in a regimen. Synergistic effects with existing drugs are valuable characteristics of a 
new drug candidate. FS-1 was tested in combination with antibiotics and various first and 
second antituberculosis drugs (ATBD). Synergy between drugs and FS-1 was determined by 
chequerboard in vitro [27]. Testing showed that synergy between FS-1 and antituberculo-
sis drugs (ATBD) was observed against both on susceptibility and on multidrug resistance 
MTB. Among the cephalosporins, only сefamandole showed synergy with FS-1 against 
clinical isolates S. aureus. The index of fractional inhibitory concentration was 0.62 [27]. Thus, 
according to the results of testing, in vitro the FS-1 is an effective compound of a class of 
iodine coordination compounds.

3. In vivo antituberculosis activity

The most important stage of preclinical studies of new drugs is the evaluation of efficacy in 
animal models. There are various animal M. tuberculosis infection models. The most com-
mon are guinea pigs and mice. A classical guinea pig model of tuberculosis caused by highly 

Typified bacteria Clinical isolates

M. tuberculosis H37Rv* M. tuberculosis MS-115 (MDR), SCAID 
187.0 (MDR); 562, 892, 535, and 722* 
(isoniazid-resistant); M. bovis** 2, 3, and 5; 
M. avium 780

Yersinia pestis***, Bacillus anthracis***, 
Brucella sp.***

Staphylococcus aureus ATCC 6538-Р В-RКМ 0039, S. aureus ATCC 29213—
oxacillin-susceptible strain (MSSA), S. aureus ATCC 43300—methicillin- 
and oxacillin-resistant (MRSA), S. aureus ATCC 29213, S. aureus ATCC 
43300, Escherichia coli ATCC 25922, and ATCC BAA-196 and Candida 
albicans ATCC 18814

S. aureus****—114 MRSA and MSSA clinical 
isolates—P. aeruginosa № 4/32, E. coli O55 
№ 12, C. albicans 3/4

*Collections of microorganisms at the National Scientific Center for Pulmonology, Kazakhstan.
**At Kazakh Scientific Research Veterinary Institute.
***At Kazakh Scientific Center for Quarantine and Zoonotic Diseases.
****At Institute of Experimental Pathology and Parasitology, Bulgaria.

Table 1. List of bacteria and their characteristics used to examine antimicrobial activity of FS-1.
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MTB. Among the cephalosporins, only сefamandole showed synergy with FS-1 against 
clinical isolates S. aureus. The index of fractional inhibitory concentration was 0.62 [27]. Thus, 
according to the results of testing, in vitro the FS-1 is an effective compound of a class of 
iodine coordination compounds.
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The most important stage of preclinical studies of new drugs is the evaluation of efficacy in 
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virulent clinical strains of M. tuberculosis MS-115 and SCAID 187.0 isolated from patients with 
MDR-TB was used in the study on the therapeutic effectiveness of FS-1 [8, 29, 38].

The efficacy result of the tuberculosis model showed that the FS-1 combination regimen 
reduced the bacterial load in comparison with standard therapy. A primary characteristic 
of the therapeutic activity of FS-1 was an increase in the effectiveness when combined with 
ATBD including isoniazid, rifampicin, pyrazinamide, cycloserine, protionamide, capreomy-
cin, and amikacin [29, 30]. It was noted that in the treatment of tuberculosis in guinea pigs with 
FS-1 M. tuberculosis acquired susceptibility to first-line ATBD. Apparently this is due to the 
effect of FS-1 on the M. tuberculosis genome [30]. In the studies on other bacteria, Streptococcus 
mutans and S. aureus and S. epidermidis, iodine complexes have been shown to influence the 
transcription activity in microbial genome [39–41].

The therapeutic effect on the guinea pig body has also been noted. In particular, the exposure 
to FS-1 inhibits the development of inflammation in tuberculosis and increases the airiness of 
the lung parenchyma and permeability of capillaries [29]. This is due to the ability of iodine 
complexes to inhibit the production of NO and TNF-alpha and increase mucociliary clearance 
in the respiratory tract [15, 42]. In addition, combination therapy with FS-1 and ATBD reduces 
the incidence of adverse reactions and toxic effects of the drugs in animals [30].

In the studies presented here, the combination of FS-1 in MDR-TB animal models is signifi-
cantly more effective than therapy only with ATBD.

4. Toxicity studies

The toxicity of FS-1 was examined in both liquid form and tablets [34, 43].

The median cytotoxic concentration (CC50) of FS-1 on the MDCK cells exceeds 5 mg/mL [44]. 
In vitro and in vivo genotoxicity and mutagenic potential of FS-1 were examined in mice with 
Ames test, micronucleus, and comet assays. According to the results from the studies, FS-1 
does not induce gene mutations or chromosomal abnormalities [45, 46].

Acute toxicity study of FS-1 liquid dosage form was carried out after intravenous administra-
tion to rodents, mice (CD-1), and rats (Wistar) [47]. The median lethal dose (LD50) was 65 mg/kg  
in mice and 100 mg/kg in rats. After the administration of FS-1, the following signs were 
observed in animals: exophthalmos, piloerection, impaired motor coordination, paroxysmal 
convulsions of lower limbs, bradycardia, and tachypnea. Death occurred within 24 hours after 
the administration of FS-1. Necropsy revealed a disturbance of blood circulation in the heart, 
liver, and kidneys and pulmonary edema in dead animals. Microscopic examination showed 
plethora and inflammatory infiltration in the lungs, liver, and kidneys and diapedesis hemor-
rhages in the myocardium. At the same time, there were no changes in the thyroid gland [47].

After oral administration of FS-1 liquid form to rats (Wistar), LD50 was not achieved. The 
maximum administered dose of FS-1 was 466 mg/kg. The minimal dose of FS-1 did not cause 
damage to the mucous membrane of the gastrointestinal tract (GIT). Medium and high doses 
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provoked minimal damage to the gastric mucosa. Histological examination of thyroid gland 
did not reveal the pathological changes [47].

Toxicokinetics (TK) of FS-1 liquid form was examined in male and female rats after single oral 
administration at doses of 233, 116, and 30 mg/kg [48]. The content of FS-1 was measured in 
the blood, heart, lungs, liver, kidneys, and spleen. The primary TK parameters were calcu-
lated by non-compartmental method. The maximum concentration of FS-1 in the blood (Cmax) 
and the time it was reached (tmax) were found visually on the graph. The TK parameters for 
oral doses of FS-1 are given in Table 2.

FS-1 is absorbed quite rapidly from the gastrointestinal tract; the maximum values of its 
concentrations in the blood were reached within 1–1.5 hours after its administration. During 
the first 10–30 minutes, the concentration of FS-1 in the blood increased and reached a maxi-
mum after 2 hours. The level of the drug was further reduced, and at the end of 96 hours, 
the detection limit was reached. High values of the volume of distribution, according to the 
generally accepted point of view, can be interpreted as a sign of a wide distribution of the 
drug in the body. At the same time, the rate of distribution of FS-1 in the organs was lower 
than in the blood, therefore, accumulation does not take place. The nature of the relationship 
between the dose of FS-1 and the area under the pharmacokinetic curve (AUC) in the blood, 
as well as the constancy of the invariant TK parameters, indicate that the dynamics of drug 
absorption, distribution, and elimination obey the basic principles of linear kinetics. The 
primary metabolites of FS-1 include iodides, which are excreted in the urine [48].

In addition, chronic toxicity was examined during 180-day oral administration in rabbits. The 
characteristic symptoms of iodine toxicity in rabbits were not detected at a dose of 30 mg/kg 
[47–51].

Despite the fact that iodine does not have mutagenic properties, there is evidence of the effect 
of high iodide doses on the development of mice. Although the mechanisms of toxic effect of 

TK parameter Dose, mg/kg

30 116 233

AUC(mg·h/L) 138.2 ± 19.5 382.4 ± 49.6 669.5 ± 103.1

Cl (L·h/kg) 0.22 ± 0.03 0.30 ± 0.04 0.35 ± 0.05

MRT (h) 24.6 ± 3.5 20.2 ± 2.7 23.1 ± 3.6

β (h−1) 0.026 ± 0.003 0.025 ± 0.004 0.026 ± 0.004

Vβ (L/kg) 8.2 ± 1.2 12.0 ± 1.6 13.5 ± 2.1

Cmax (mg/L) 9.0 ± 0.2 34.1 ± 5.0 45.1 ± 9.6

tmax (h) 2 1 1

t1/2(β) (h) 26.6 ± 3.7 26.6 ± 3.6 26.6 ± 3.7

Table 2. Toxicokinetic parameters of FS-1 after single oral administration of three doses to rats by non-compartmental 
method, n = 6.
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virulent clinical strains of M. tuberculosis MS-115 and SCAID 187.0 isolated from patients with 
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mutans and S. aureus and S. epidermidis, iodine complexes have been shown to influence the 
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The therapeutic effect on the guinea pig body has also been noted. In particular, the exposure 
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complexes to inhibit the production of NO and TNF-alpha and increase mucociliary clearance 
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After oral administration of FS-1 liquid form to rats (Wistar), LD50 was not achieved. The 
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oral doses of FS-1 are given in Table 2.
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high iodide doses on pregnant females and embryos have not been revealed, it is assumed 
that this is due to impaired thyroid function in pregnant females. Thyroid hormones in turn 
affect sex glands of animals [52]. An evaluation of the embryotoxic properties of FS-1 was 
performed on a bird model using Gallus gallus chicken embryos at different developmental 
stages [53]. Embryotoxicity was assessed by the effect of FS-1 on survival and developmental 
pathology. At a concentration of 3 mg/mL, the mortality rate of 10-day embryos was 100%, 
whereas for 12- and 18-day-old embryos, it was 80 and 50%, respectively. At the same time, 
developmental abnormalities were not detected. The toxicity of FS-1 toward chicken embryos 
depends on the concentration and developmental stage [54]. The Spearman’s correlation coef-
ficient was greater than 0.976 at p < 0.001, which indicates a high dependence. It is known that 
iodides can exhibit toxicity to the reproductive function in two ways: through oxidative stress 
in the testis of rats and thyroid dysfunction in pregnant females [52, 55].

One of the problems encountered in the clinical trials of new drugs is that there could be 
various unforeseen immunotoxic reactions [56, 57]. As already noted, iodine complexes have 
immunotropic properties [15, 58]. Therefore, the immunotoxicity and allergenicity of FS-1 
were studied in various tests:

a. Intradermal and conjunctival test

b. Active and passive (ovary) cutaneous anaphylaxis

c. mast cell degranulation

d. Anaphylactogenicity

e. Induction of delayed-type hypersensitivity reaction

f. Analysis of changes in mass and cellularity of the popliteal lymph node

g. Assessment of specific lysis of human peripheral blood leukocytes

h. Analysis of the relative count of basophils and eosinophils in human peripheral blood

i. Determination of mass and cellularity of immune organs and antibody response in guinea 
pigs

The study found that FS-1 does not possess anaphylactogenicity, does not cause type I allergic 
reaction and does not influence the formation of a delayed-type hypersensitivity reaction, 
does not have immunopathological and immunotoxic effects, and does not cause disorders 
and/or dysfunctions in the processes involved in normal maintenance of immune status in the 
tested doses, even against the background of antigenic stimulus [59, 60].

The preparation of a tablet dosage form of FS-1 is the most important stage in the pharmaceu-
tical development of novel drug [34, 61, 62].

After the oral administration of FS-1 tablets to rats (Wistar), LD50 was found to exceed 
2000 mg/kg [43]. The observed clinical and pathomorphological signs of damage to the body 
of animals with FS-1 are similar to the symptoms of poisoning with iodine solutions [50]. 
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Toxicology of iodides and iodates was well studied in numerous animal species, as well as in 
humans, whereas the data on iodine complexes including Lugol’s solution and PVP-iodine 
are very scarce [51, 63].

The toxicity of FS-1 tablets associated with repeated administration was examined in rats 
(Wistar) after 28-day oral administration. It was found that the organs for the damaging 
action of FS-1 included the thyroid gland, liver, and kidneys. There were changes in the blood 
parameters: the levels of leukocytes and lymphocytes and alanine aminotransferase and 
aspartate aminotransferase increased. But these changes were reversible, and after 28 days of 
recovery period, all parameters were normalized [43].

It is known that prolonged exposure to or intake of high doses of the iodine-containing drugs 
is accompanied by thyrotoxic reactions in the form of iodine-induced hypothyroidism [64]. 
Due to excessive intake of iodine, the Wolff-Chaikoff effect occurs, which develops within a 
few days [65]. This is accompanied by a temporary reduction of the thyroid hormone level due 
to a decrease in the Na+/I-symporter activity (NIS) [66]. The Wolff-Chaikoff effect is transient, 
and the level of hormones with the withdrawal of the iodine-containing drugs is restored 
in a few days. It was noted that the chronic effect of iodine doses (in Japan, for example, up 
to several milligrams per day are consumed with food, exceeding the WHO recommended 
standards (90–200 μg)) frequently does not cause any hypothyroid or thyrotoxic conditions 
[67]. Therefore, rats were also analyzed for the level of thyroid-stimulating hormone (TSH), 
thyroxine (T4), and triiodothyronine (T3). The findings of the studies have shown that the lev-
els of TSH, T3, and T4 in the blood serum of rats did not change. It has been established that 
the T3/T4 ratio in all studied groups was in the range of 0.20–0.50. The absence of significant 
changes in the T3/T4 ratio in animals of all groups indicates a normal rate of deiodization. As  
a result, the highest nontoxic dose (NOAEL) of FS-1 was established, which was of 100 mg/kg  
[43]. Summarizing the results obtained, it can be noted that high doses of FS-1 lead to the 
development of thyrotoxicosis in rats and not hypothyroidism, as with excessive intake of 
iodides into the animal organism [51].

5. Conclusion

FS-1 is highly effective against various Gram-positive and Gram-negative bacteria, includ-
ing those resistant to antibiotics. MIC varied over a wide range from 0.02 to 0.3 mg/mL. At 
that, FS-1 has a synergistic effect with some antimicrobial agents. The main mechanism of 
action of FS-1 consists in membrane lytic activity. In addition, the investigational drug affects 
the gene expression in bacteria. The effectiveness of FS-1 in combination with ATBD of the 
first- and second-line was examined in the guinea pig models of tuberculosis. FS-1 has pro-
nounced anti-inflammatory and antitoxic effects. The CC50 value in MDCK cells is more than 
5 mg/mL. This is 16 times higher than the MIC. FS-1 does not have mutagenic and genotoxic 
properties. The acute oral toxicity of FS-1 in rats is LD50 of more than 2000 mg/kg. The extent 
of FS-1 distribution in the organs is not greater than in the blood. Its kinetics is linear. The 
primary metabolites include iodides. At the same time, FS-1 possesses embryonic toxicity in 
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high iodide doses on pregnant females and embryos have not been revealed, it is assumed 
that this is due to impaired thyroid function in pregnant females. Thyroid hormones in turn 
affect sex glands of animals [52]. An evaluation of the embryotoxic properties of FS-1 was 
performed on a bird model using Gallus gallus chicken embryos at different developmental 
stages [53]. Embryotoxicity was assessed by the effect of FS-1 on survival and developmental 
pathology. At a concentration of 3 mg/mL, the mortality rate of 10-day embryos was 100%, 
whereas for 12- and 18-day-old embryos, it was 80 and 50%, respectively. At the same time, 
developmental abnormalities were not detected. The toxicity of FS-1 toward chicken embryos 
depends on the concentration and developmental stage [54]. The Spearman’s correlation coef-
ficient was greater than 0.976 at p < 0.001, which indicates a high dependence. It is known that 
iodides can exhibit toxicity to the reproductive function in two ways: through oxidative stress 
in the testis of rats and thyroid dysfunction in pregnant females [52, 55].
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a. Intradermal and conjunctival test
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f. Analysis of changes in mass and cellularity of the popliteal lymph node

g. Assessment of specific lysis of human peripheral blood leukocytes

h. Analysis of the relative count of basophils and eosinophils in human peripheral blood

i. Determination of mass and cellularity of immune organs and antibody response in guinea 
pigs

The study found that FS-1 does not possess anaphylactogenicity, does not cause type I allergic 
reaction and does not influence the formation of a delayed-type hypersensitivity reaction, 
does not have immunopathological and immunotoxic effects, and does not cause disorders 
and/or dysfunctions in the processes involved in normal maintenance of immune status in the 
tested doses, even against the background of antigenic stimulus [59, 60].

The preparation of a tablet dosage form of FS-1 is the most important stage in the pharmaceu-
tical development of novel drug [34, 61, 62].

After the oral administration of FS-1 tablets to rats (Wistar), LD50 was found to exceed 
2000 mg/kg [43]. The observed clinical and pathomorphological signs of damage to the body 
of animals with FS-1 are similar to the symptoms of poisoning with iodine solutions [50]. 
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Toxicology of iodides and iodates was well studied in numerous animal species, as well as in 
humans, whereas the data on iodine complexes including Lugol’s solution and PVP-iodine 
are very scarce [51, 63].

The toxicity of FS-1 tablets associated with repeated administration was examined in rats 
(Wistar) after 28-day oral administration. It was found that the organs for the damaging 
action of FS-1 included the thyroid gland, liver, and kidneys. There were changes in the blood 
parameters: the levels of leukocytes and lymphocytes and alanine aminotransferase and 
aspartate aminotransferase increased. But these changes were reversible, and after 28 days of 
recovery period, all parameters were normalized [43].

It is known that prolonged exposure to or intake of high doses of the iodine-containing drugs 
is accompanied by thyrotoxic reactions in the form of iodine-induced hypothyroidism [64]. 
Due to excessive intake of iodine, the Wolff-Chaikoff effect occurs, which develops within a 
few days [65]. This is accompanied by a temporary reduction of the thyroid hormone level due 
to a decrease in the Na+/I-symporter activity (NIS) [66]. The Wolff-Chaikoff effect is transient, 
and the level of hormones with the withdrawal of the iodine-containing drugs is restored 
in a few days. It was noted that the chronic effect of iodine doses (in Japan, for example, up 
to several milligrams per day are consumed with food, exceeding the WHO recommended 
standards (90–200 μg)) frequently does not cause any hypothyroid or thyrotoxic conditions 
[67]. Therefore, rats were also analyzed for the level of thyroid-stimulating hormone (TSH), 
thyroxine (T4), and triiodothyronine (T3). The findings of the studies have shown that the lev-
els of TSH, T3, and T4 in the blood serum of rats did not change. It has been established that 
the T3/T4 ratio in all studied groups was in the range of 0.20–0.50. The absence of significant 
changes in the T3/T4 ratio in animals of all groups indicates a normal rate of deiodization. As  
a result, the highest nontoxic dose (NOAEL) of FS-1 was established, which was of 100 mg/kg  
[43]. Summarizing the results obtained, it can be noted that high doses of FS-1 lead to the 
development of thyrotoxicosis in rats and not hypothyroidism, as with excessive intake of 
iodides into the animal organism [51].

5. Conclusion

FS-1 is highly effective against various Gram-positive and Gram-negative bacteria, includ-
ing those resistant to antibiotics. MIC varied over a wide range from 0.02 to 0.3 mg/mL. At 
that, FS-1 has a synergistic effect with some antimicrobial agents. The main mechanism of 
action of FS-1 consists in membrane lytic activity. In addition, the investigational drug affects 
the gene expression in bacteria. The effectiveness of FS-1 in combination with ATBD of the 
first- and second-line was examined in the guinea pig models of tuberculosis. FS-1 has pro-
nounced anti-inflammatory and antitoxic effects. The CC50 value in MDCK cells is more than 
5 mg/mL. This is 16 times higher than the MIC. FS-1 does not have mutagenic and genotoxic 
properties. The acute oral toxicity of FS-1 in rats is LD50 of more than 2000 mg/kg. The extent 
of FS-1 distribution in the organs is not greater than in the blood. Its kinetics is linear. The 
primary metabolites include iodides. At the same time, FS-1 possesses embryonic toxicity in 
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chicken embryos but does not lead to developmental abnormalities. FS-1 does not cause aller-
gic reactions and does not possess immunotoxic properties. The liver, kidney, and thyroid 
gland are the target organs for toxic injuries induced by repeated administration of FS-1. At 
the same time, thyrotoxicosis develops but not hypothyroidism. NOAEL value is 100 mg/kg 
of rats after 28-day oral administration and 30 mg/kg in rabbits after 180-day administration.
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Abstract

Drug metabolism is a pharmacokinetic process whose main objective is to modify the 
chemical structure of drugs to easily excretable compounds. This process is carried out 
through phase I and phase II reactions. The enzymes of cytochrome P450 (CYP450) par-
ticipate in phase I reactions, and their activity can be inhibited or induced by xenobiotics. 
The aim of this chapter is to study the clinical relevance of the induction and inhibition 
of CYP450, by describing the effect that some bioactive compounds present in medici-
nal plants or foods can modify, either increasing or decreasing the activity of CYP450 
enzymes and with it modify the bioavailability and depuration of drugs. Examples will 
be described on the interaction of medicinal plants and foods of vegetal origin that when 
combined with some drugs can generate toxicity or therapeutic failure; this will allow 
gathering relevant information on the adequate pharmacological management in differ-
ent clinical situations.
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When a patient is in pharmacological treatment, and at some point a pharmacological response 
different from the expected one is observed, it is possible to think that a pharmacological 
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with other drugs, foods, or medicinal plants. In this context, changes in responses to drugs 
can be positive or negative for the patient. However, it is of particular interest to study the 
negative changes in pharmacological responses such as intoxication or therapeutic failure.

In this chapter, we focus on describing the effect of the interaction between drugs, medicinal 
plants, and foods of vegetable origin on the activity of cytochrome P450. Due to the natural 
products may modify the plasmatic concentrations of the drugs, either by inhibition or induc-
tion enzymatic, respectively.

In clinical practice, it is very important to know this topic to identify which medicinal plants 
and foods of vegetable origin should not be consumed when the patient is in pharmacological 
treatment and to avoid suffering a change in the response to medications that they consume 
by prescription and that could put their lives at risk.

2. General aspect of pharmacokinetics

To understand the effect of the chemical compounds, present in some medicinal plants and 
foods of vegetable origin on the activity of cytochrome P450 (CYP450), we will start with a 
brief description of the pharmacokinetics because the CYP450 participates in the phase I reac-
tions of drug metabolism.

Pharmacokinetics is the branch of pharmacology that is responsible for studying and explain-
ing the processes by which drugs are absorbed, distributed, metabolized, and eliminated 
from organism [1, 2]. It is important to know these pharmacokinetics processes and how they 
influence the bioavailability of drugs [2].

Bioavailability refers to the amount of drug found in the bloodstream and is available to exert 
its pharmacological effect [3]. However, if the plasma quantity of a drug is modified, the phar-
macological response will be modified [1–3]. The four pharmacokinetic processes influence 
the bioavailability of the drugs. In the process of metabolism, the plasma concentrations of 
the drugs can be modified, either by inhibition or by induction of different CYP isoenzymes, 
as shown in Figure 1.

The following example makes it easier to understand the importance of adherence to treat-
ment to avoid fluctuations in plasmatic concentration. When patients are in pharmacological 
treatment, it is important that dosage regimen be complied. For example, if the prescription 
is 500 mg of acetaminophen every 8 h, this patient should be taken exactly three tablets of 
500 mg of acetaminophen per day.

In order for patient has an adequate pharmacological response to acetaminophen, and a lower 
probability of presenting adverse effects or therapeutic failure, the amount of drug and the 
time of administration indicated in each shot must be respected. If, patient modifies any of 
these two variables, the plasma concentration of the drug changes and with it its response 
also changes [4].

When a single dose of drug is administered orally, after a certain time, the plasma concen-
trations of the drug are enlarged until reaching a maximum level. This maximum point is 
known as maximum plasma concentration (Cmax), and it is reached in a determined maximum 
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time (tmax). These parameters are specific for each drug [6]. The Cmax of a drug is within the 
therapeutic range [4].

On the other hand, after several administrations of a drug, the final concentration begins to 
increase due to the remainder of the previous dose, until reaching a constant concentration called 
the equilibrium state [1]. Steady state is usually achieved after four to five half-lives [1, 2]. The half-
life (t1/2) is defined as the time required by a drug to decrease its initial concentration by half [1].

In the equilibrium state, the drug plasmatic concentrations are within the range of therapeutic 
effect. If the patient suspends the administration of the drug, the plasma levels fall to concen-
trations below the therapeutic level causing therapeutic failure. Generally, the elimination of 
a drug is carried out after four to five half-lives [1–3].

When the patient does not remember if took the dose of the drug and decides to take the dose 
thinks was needed, the concentration of that drug will accumulate, then the plasma concentration 
reaches levels above the therapeutic concentration, and additionally, some signs of toxicity begin 
to appear [5].

In this chapter, we will focus on describing the effect that some compounds present in 
medicinal plants and some foods of vegetable origin can have on the activity of cytochrome 
P450 enzymes. The World Health Organization (WHO) estimates that more than 80% of 

Figure 1. Effect of drug metabolism on the pharmacological response.
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medicinal plants and some foods of vegetable origin can have on the activity of cytochrome 
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Figure 1. Effect of drug metabolism on the pharmacological response.
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the population of developed and underdeveloped countries use medicinal plants as a first 
resource for their health care and, on the other hand, there is a context cultural acceptance 
of the traditional practice with herbs, which makes its use popular and that in many cases 
patients combine their pharmacological treatment with herbal treatment [6–10].

On the other hand, the consumption of certain foods of vegetable origin with nutraceutical 
properties has increased considerably in recent years, especially to treat and prevent condi-
tions such as cancer, diabetes, hypertension, hypercholesterolemia, obesity, among others. 
Therefore, by combining these foods with the pharmacological treatment indicated in the 
abovementioned conditions, they can significantly modify the plasma levels of some drugs 
and put the patient’s life at risk, either due to therapeutic failure (decrease in plasma concen-
tration) or toxicity (increased plasma concentration) [11–15].

2.1. Pharmacokinetic process of drug metabolism

The drugs are defined chemically as acids or weak bases, and during the absorption process, 
the nonionized fraction of a drug is the one that crosses the biological membranes, due to 
its lipid solubility. Until the condition of lipid solubility is not lost, the drug will continue 
remaining in the body, by means of processes of reabsorption at the renal level or the entero-
hepatic circuit and redistribution from drug deposits in adipose tissue [16–19].

If this lipid solubility condition is not lost, the drug will not be able to be eliminated [2, 18]. 
Fortunately, the pharmacokinetic process of the metabolism helps to modify the chemical struc-
ture of drugs into structures more polar, so that these can be more easily excreted [2, 18, 19].

The main organ that participates in the metabolism of drugs and other xenobiotics is the liver. 
However, other tissues also have metabolic capacity such as the gastrointestinal tract, lungs, 
skin, kidneys, and brain [20–23].

The functional unit of this organ is the hepatocyte, and it contains different enzymes that are 
in the mitochondria, smooth and rough reticulum membrane, cytosol, etc. [23].

During this process of drug metabolism, the following may occur:

1. Transform to a more active molecule [1–3].

2. Transform to give biological activity (prodrug) [1–3].

3. Transform to an inactive molecule [1–3].

4. Transform to a toxic molecule [1–3].

It is important to mention that there are drugs that do not transform. Their chemical structure 
is not modified, and they are eliminated unaltered [2].

2.1.1. Effect of metabolism of the first step

When drugs are administered orally, they suffer a phenomenon of elimination prior to the 
process per se of the metabolism. This effect is known as first-pass metabolism and occurs in 
the epithelial cells of the gastrointestinal tract mainly in the small intestine [24]. Subsequently, 
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the amount of drug that was not biotransformed enters the liver through the portal circulation, 
and there in the hepatocytes the metabolism process per se is carried out [24]. The amount 
of drug remaining after liver extraction is bioavailable to give an adequate pharmacological 
response. It is important not to modify this bioavailability because the effective doses of the 
drugs used in the clinical ready are considered as the effect of metabolism of the first step. 
Above all, caution should be exercised in drugs with a narrow safety margin, such as barbi-
turates [1, 2].

2.1.2. Enterohepatic circuit

When drugs are biotransformed by phase I reactions, and the molecule obtained is not polar 
enough to be eliminated, their biotransformation continues through phase II reactions. In 
this phase, the metabolites are generally conjugated with glucuronide acid, giving a polar 
molecule with a higher molecular weight [1, 2]. These conjugates are secreted from the hepa-
tocyte into the bile and stored there in the form of a drug-glucuronide complex; when the bile 
is secreted in the intestine by some stimulus, the drug-bile complex is eliminated through 
the feces [25]. However, intestinal microorganisms produce various enzymes, such as beta-
glucuronidases, which break the bond between the drug and glucuronide acid, leaving the 
drug free again, where it can be reabsorbed through the small intestine and enter the general 
circulation. In this case, the half-life of the drugs is increased [25].

2.1.3. Factors that affect the metabolism of drugs

2.1.3.1. Physiological factors: age and pregnancy

In children and older adults, the metabolic rate is decreased compared to the metabolic rate 
of a young adult [1]. In the child, the microsomal enzymes are not yet fully induced [26]. In 
elderly people, the number of hepatocytes and blood flow that reaches this organ is reduced 
[27]. So, there are fewer cytochrome P450 enzymes available to metabolize drugs. In preg-
nancy, there is greater hepatic flow and greater activity of cytochrome P450, which increases 
the metabolic rate [28].

2.1.3.2. Pathological factors: liver disease

The number of hepatocytes decreases, and the metabolic rate also decreases. In addition, there 
is an increase in the plasmatic concentrations and half-life of drugs. Therefore, it is necessary 
to adjust the dose, to prevent toxicity [2].

2.1.3.3. Drugs, medicinal plants, and foods

Some drugs and phytochemical compounds present in medicinal plants and foods of plant 
origin can induce or inhibit the activity of cytochrome P450 [29].

2.2. Phases of drug metabolism

Biotransformation reactions of drugs are divided into reactions of phase I or functionalization 
and reactions of phase II or conjugation [2].
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2.1.3.2. Pathological factors: liver disease

The number of hepatocytes decreases, and the metabolic rate also decreases. In addition, there 
is an increase in the plasmatic concentrations and half-life of drugs. Therefore, it is necessary 
to adjust the dose, to prevent toxicity [2].

2.1.3.3. Drugs, medicinal plants, and foods

Some drugs and phytochemical compounds present in medicinal plants and foods of plant 
origin can induce or inhibit the activity of cytochrome P450 [29].
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The chemical reactions of phase I allow the introduction of functional groups such as –OH, 
–COOH, –SH, –O–, or –NH2. Phase I reactions are very simple chemical reactions such as 
oxidation, reduction, hydrolysis, alkylation, and dealkylation [2]. Of these chemical reactions, 
the most important in the metabolism of drugs and that occur more frequently are the oxi-
dation reactions performed by the cytochrome P450 enzymes (CYP450). These enzymes are 
located mainly in the smooth endoplasmic reticulum [1, 2].

When the addition of the functional groups (–OH, –COOH, –SH, –O–, –NH2) to the drug 
molecule is not enough to transform it to a more polar molecule, the molecule continues 
its modification through reactions of phase II. Phase II reactions are called also conju-
gation reactions. In these reactions, the molecule of the drug or metabolite previously 
formed in the reactions of phase I is conjugated with a large molecule of polar nature 
(hydrophilic) as the acid glucuronide, or acetyl Co-A, glycine, glutathione, phosphoad-
enosyl phosphosulfate, and S-adenosylmethionine [2]. These reactions are carried out by 
means of specific enzymes called transferases that are generally located in the microsomes 
and in the cytosol [1–3].

2.3. Role of cytochrome P450 (CYP450) in drug metabolism

Cytochrome P450 (CYP450) is a superfamily of enzymes that contain a heme group, so they 
are hemoproteins. The iron in the heme group is reduced and forms complexes with the car-
bon monoxide that absorbs light at a wavelength of 450 nm [30]. They have identified more 
than 8700 genes that code for their proteins and are found in eukaryotic and prokaryotic cells 
[31]. They are responsible for metabolizing or biotransforming endogenous substances in the 
body such as hormones, and different xenobiotics such as drugs. These enzymes perform 
oxidation reactions and participate in the phase I reactions of drug metabolism [1–3]. They 
are also known as mixed function oxidases or monooxygenases; they require a reducing agent 
such as NADPH and molecular oxygen [32].

They have different patterns of specificity for the substrate; for example, acetaminophen is 
a substrate of both CYP1A2 and CYP2E1, while halogenated anesthetics are substrate only 
of CYP2E1 [2, 34–36]. This enzyme system is found in different tissues such as kidney, lung, 
skin, brain, adrenal cortex, placenta, testicles, and other tissues, but the liver and small intes-
tine are the organs that have more CYP450 [33, 34].

2.3.1. Nomenclature of CYP450

The CYP450 is grouped into families and subfamilies depending on the analogy in their 
amino acid sequences, such that CYPs that present 40% homology in their amino acids belong 
to a family, and when the analogy is greater than 55%, they form a subfamily, are named with 
the prefix CYP, and followed by the family number, a capital letter indicating the subfamily, 
and a number that marks the individual form: for example, CYP1A1, in this way, represents 
the individual form 1 of subfamily A of family 1 [35]. Eighteen families, 42 subfamilies, and 
more than 50 individual genes of human origin have been described. However, the most 
important in the metabolism of drugs are CYP1A1/2, CYP1B1, CYP2A6, CYP2B6, CYP2C9, 
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CYP2D6, CYP2E1, CYP3A4,5,7 [1–3]. CYP3A4,5,7 is the most abundant and participates in the 
metabolism of more than 50% of the drugs currently used in the clinic [1–3, 35].

2.4. Induction and Enzymatic inhibition

Many substances such as drugs, environmental toxins, and phytochemicals present in 
medicinal plants and some foods of plant origin contain substances that act as inhibitors or induc-
ers of cytochrome P450 enzymes; this induction and inhibition can be strong or weak so it can 
sometimes have relevant clinical implications such as producing toxicity or therapeutic failure [36].

Enzymatic induction refers to the increase of enzymes and/or their activity. Additionally, it 
increases the metabolic rate of CYP450, and therefore, the concentrations of the drug in blood 
will decrease, which can cause a decrease in pharmacological effects and with it a therapeutic 
failure (Figure 2) [37].

In enzymatic inhibition, the number of enzymes and/or their activity decreases. There are 
fewer enzymes available to biotransform the drugs and increase their plasma levels with each 
administration of the drug will produce toxicity (Figure 2) [33].

It is important not to induce or inhibit the activity of CYP450; they directly influence the 
bioavailability of the drugs. On the other hand, the genetic polymorphism of CYP450 is also 
responsible for the variability in the response to drugs between each individual [34, 35]. 
Genetic variability, especially of CYP2C9, CYP2C19, CYP2D6, and CYP3A5, is known to 
have an important clinical impact on drugs that are metabolized by these enzymes [38–40].

2.5. Effect of bioactive compounds of medicinal plants and foods of vegetable origin 
on the activity of CYP450

In the literature, there is a lot of information about the effect of drugs to inhibit or induce cer-
tain CYP450 isoenzymes. Recently  the study of the effect of some phytochemical components 
that are present in medicinal plants and foods of vegetable origin on the activity of CYP450 
has been increasing, because the population makes use of herbal medicine in its traditional 
practice and, on the other hand, it consumes foods with nutraceutical properties, either to 
prevent or to control any disease.

Figure 2. Effect of medicinal plants and foods of vegetable origin on CYP450 activity.
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Medicinal 
plant

Tradicional uses Phytochemistry 
compounds

Activity on 
CYP450

Clinical effect 
on substrates of 
CYP450

References

Artemisia  
annua L.

Antimalaria effect Artemisinin ↑CYP2C19 ↓Plasmatic 
concentration of I

[3, 41, 42]

Cimicifuga 
racemosa

Are used as 
a hormone 
replacement and 
antiinflammatory

Triterpene 
glycosides Fukinolic 
acid 
Cimicifugic acid A
Cimicifugic acid B

↓CYP1A2 
↓CYP2D6 
↓CYP2C9
↓CYP3A4

↑Plasmatic 
concentration of II
↑Plasmatic 
concentration of III
↑Plasmatic 
concentration 
of IV
↑Plasmatic 
concentration of V

[3, 43]

Centella asiatica Used for wound 
healing and 
maintaining normal 
blood pressure.

Flavonoids: 
Quercetin 
Kaempferol

↓CYP2D6 
↓CYP2C9 
↓CYP3A4

↑Plasmatic 
concentration of III
↑Plasmatic 
concentration 
of IV
↑Plasmatic 
concentration of V

[3, 44, 45]

Curcuma longa Antiinflammatory, 
anticancer and 
antiarthritic effect.

Curcuminoids:  
Curcumin 
Methoxycurcumin, 
Bisdemethoxy- 
curcumin

↓CYP1A2 
↑CYP2A6 
↓CYP2C9 
↓CYP3A4

↑Plasmatic 
concentration of II
↓Plasmatic 
concentration 
of VI
↑Plasmatic 
concentration 
of IV
↑Plasmatic 
concentration of V

[3, 46–48]

Echinacea 
purpurea (L.)

It is used to treat 
colds, upper 
respiratory 
infections, and 
dermatologic issues

Cichoric acid  
Caftaric acid  
Echinacoside 
Alkylamides

↑CYP1A2 
↓CYP3A4

↓Plasmatic 
concentration of II
↑Plasmatic 
concentration of V

[3, 49, 50]

Garcinia 
cambogia

Obesity treatment Extract crude ↓CYP2B6 ↑Plasmatic 
concentration 
of VII

[3, 51]

Gardenia 
jasminoides 
Ellis.

Is used as an 
antioxidant, 
hypoglycemic , 
antithrombotic, 
antiinflammatory, 
antidepression 
effect, and improved 
sleeping quality

Geniposide  
Genipin

↑CYP2D6 
↓CYP2C19 
↓CYP3A4

↓Plasmatic 
concentration of III
↑Plasmatic 
concentration of I
↑Plasmatic 
concentration of V

[3, 52, 53]

Gingko biloba It is used as an anti-
hypertensive as well 
as to treat macular 
degeneration 
and tinnitus. Are 
effective in treating 
cerebral infarction

Ginkgolide A
Ginkgolide B 
Bilobalide  
Quercetin  
kaempferol

↓CYP2B6 
↑CYP1A2
↑CYP3A4

↑Plasmatic 
concentration 
of VII
↓Plasmatic 
concentration of II
↓Plasmatic 
concentration of V

[3, 54–56]
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Medicinal 
plant

Tradicional uses Phytochemistry 
compounds

Activity on 
CYP450

Clinical effect 
on substrates of 
CYP450

References

Panax ginseng Is believed to 
enhance cognitive 
ability and to lower 
blood sugar levels 
Ginsenosides and 
gintonin
Ginsenoside F2 and 
protopanaxadiol

Ginsenosides ↓CYP2C9
↓CYP3A4

↑Plasmatic 
concentration 
of IV
↑Plasmatic 
concentration of V

[3, 57]

Camellia 
sinensis

It is consumed 
to treat cancer, 
cardiovascular 
disease, 
dyslipidemia, 
inflammation, and 
weight loss

Catechin
(-)-Epigallocatechin -3- 
gallate

↓CYP1A2
↓CYP2B6
↓CYP2C8
↓CYP2C9
↓CYP2D6
↓CYP3A4

↑Plasmatic 
concentration of II
↑Plasmatic 
concentration 
of VII
↑Plasmatic 
concentration 
of VIII
↑Plasmatic 
concentration of IV
↑Plasmatic 
concentration of III
↑Plasmatic 
concentration of V

[3, 58–60]

Piper 
methysticum

Anxiolytic effect Flavokawain A ↑CYP2C9
↓CYP1A2
↓CYP3A4

↓Plasmatic 
concentration 
of IV
↑Plasmatic 
concentration of II
↑Plasmatic 
concentration of V

[3, 61–64]

Hypericum 
perforatum

Is used to treat 
anxiety and 
depression

Hyperforin ↑CYP2C9
↑CYP3A4

↓Plasmatic 
concentration 
of IV
↓Plasmatic 
concentration of V

[3, 65–67]

I: Omeprazole, pantoprazole, diazepam, S-mephenytoin, amitriptyline, carisoprodol, citalopram, chloramphenicol, 
clomipramine, cyclophosphamide, indomethacin, moclobemide, nelfinavir, propranolol, progesterone.

II: Acetaminophen, amitriptyline, phenacetin, tacrine, theophylline, tamoxifen, (R)warfarin, caffeine, verapamil, 
ondansetron, haloperidol, naproxen, propanolol.

III: Propoxyphene, codeine, oxycodone, dextromethorphan, clozapine, timolol, tamoxifen, tramadol, seleglinide, 
fluoxetine, phenformin, paroxetine, risperidone, metoprolol, tricyclic antidepressants.

IV: Amitriptyline, celcoxib, ibuprofen, diclofenac, meloxicam, hexobarbital, losartan, S-warfarin, fluvastation, phenytoin, 
tolbutamide, glipizide, glibenclamide, fluoxetine, tamoxifen.

V: Acetaminophen, amiodarone, cisapride, astemizole, cocaine, cyclosporine, dapsone, diazepam, dihydroergotamine, 
diltiacem, felodipine, nifedipine, erythromycin, indinavir, lidocaine, methadone, miconazole, quinidine, paclitaxel, 
mifepristone, spironolactone, verapamil, trazolam, desametaxone, ritonavir, lovastatin, hydrocortisone.

VI: Nicotine.

VII: Bupropion, cyclophosphamide, efavirenz, ifosfamide, methadone.

VIII: Paclitaxel, torsemide, amodiaquine, cerivastatin, repaglinide.

Table 1. Effect of medicinal plants on CYP450 activity.
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Medicinal 
plant

Tradicional uses Phytochemistry 
compounds

Activity on 
CYP450

Clinical effect 
on substrates of 
CYP450

References

Artemisia  
annua L.

Antimalaria effect Artemisinin ↑CYP2C19 ↓Plasmatic 
concentration of I

[3, 41, 42]

Cimicifuga 
racemosa

Are used as 
a hormone 
replacement and 
antiinflammatory

Triterpene 
glycosides Fukinolic 
acid 
Cimicifugic acid A
Cimicifugic acid B

↓CYP1A2 
↓CYP2D6 
↓CYP2C9
↓CYP3A4

↑Plasmatic 
concentration of II
↑Plasmatic 
concentration of III
↑Plasmatic 
concentration 
of IV
↑Plasmatic 
concentration of V

[3, 43]

Centella asiatica Used for wound 
healing and 
maintaining normal 
blood pressure.

Flavonoids: 
Quercetin 
Kaempferol

↓CYP2D6 
↓CYP2C9 
↓CYP3A4

↑Plasmatic 
concentration of III
↑Plasmatic 
concentration 
of IV
↑Plasmatic 
concentration of V

[3, 44, 45]

Curcuma longa Antiinflammatory, 
anticancer and 
antiarthritic effect.

Curcuminoids:  
Curcumin 
Methoxycurcumin, 
Bisdemethoxy- 
curcumin

↓CYP1A2 
↑CYP2A6 
↓CYP2C9 
↓CYP3A4

↑Plasmatic 
concentration of II
↓Plasmatic 
concentration 
of VI
↑Plasmatic 
concentration 
of IV
↑Plasmatic 
concentration of V

[3, 46–48]

Echinacea 
purpurea (L.)

It is used to treat 
colds, upper 
respiratory 
infections, and 
dermatologic issues

Cichoric acid  
Caftaric acid  
Echinacoside 
Alkylamides

↑CYP1A2 
↓CYP3A4

↓Plasmatic 
concentration of II
↑Plasmatic 
concentration of V

[3, 49, 50]

Garcinia 
cambogia

Obesity treatment Extract crude ↓CYP2B6 ↑Plasmatic 
concentration 
of VII

[3, 51]

Gardenia 
jasminoides 
Ellis.

Is used as an 
antioxidant, 
hypoglycemic , 
antithrombotic, 
antiinflammatory, 
antidepression 
effect, and improved 
sleeping quality

Geniposide  
Genipin

↑CYP2D6 
↓CYP2C19 
↓CYP3A4

↓Plasmatic 
concentration of III
↑Plasmatic 
concentration of I
↑Plasmatic 
concentration of V

[3, 52, 53]

Gingko biloba It is used as an anti-
hypertensive as well 
as to treat macular 
degeneration 
and tinnitus. Are 
effective in treating 
cerebral infarction

Ginkgolide A
Ginkgolide B 
Bilobalide  
Quercetin  
kaempferol

↓CYP2B6 
↑CYP1A2
↑CYP3A4

↑Plasmatic 
concentration 
of VII
↓Plasmatic 
concentration of II
↓Plasmatic 
concentration of V

[3, 54–56]
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Medicinal 
plant

Tradicional uses Phytochemistry 
compounds

Activity on 
CYP450

Clinical effect 
on substrates of 
CYP450

References

Panax ginseng Is believed to 
enhance cognitive 
ability and to lower 
blood sugar levels 
Ginsenosides and 
gintonin
Ginsenoside F2 and 
protopanaxadiol

Ginsenosides ↓CYP2C9
↓CYP3A4

↑Plasmatic 
concentration 
of IV
↑Plasmatic 
concentration of V

[3, 57]

Camellia 
sinensis

It is consumed 
to treat cancer, 
cardiovascular 
disease, 
dyslipidemia, 
inflammation, and 
weight loss

Catechin
(-)-Epigallocatechin -3- 
gallate

↓CYP1A2
↓CYP2B6
↓CYP2C8
↓CYP2C9
↓CYP2D6
↓CYP3A4

↑Plasmatic 
concentration of II
↑Plasmatic 
concentration 
of VII
↑Plasmatic 
concentration 
of VIII
↑Plasmatic 
concentration of IV
↑Plasmatic 
concentration of III
↑Plasmatic 
concentration of V

[3, 58–60]

Piper 
methysticum

Anxiolytic effect Flavokawain A ↑CYP2C9
↓CYP1A2
↓CYP3A4

↓Plasmatic 
concentration 
of IV
↑Plasmatic 
concentration of II
↑Plasmatic 
concentration of V

[3, 61–64]

Hypericum 
perforatum

Is used to treat 
anxiety and 
depression

Hyperforin ↑CYP2C9
↑CYP3A4

↓Plasmatic 
concentration 
of IV
↓Plasmatic 
concentration of V

[3, 65–67]

I: Omeprazole, pantoprazole, diazepam, S-mephenytoin, amitriptyline, carisoprodol, citalopram, chloramphenicol, 
clomipramine, cyclophosphamide, indomethacin, moclobemide, nelfinavir, propranolol, progesterone.

II: Acetaminophen, amitriptyline, phenacetin, tacrine, theophylline, tamoxifen, (R)warfarin, caffeine, verapamil, 
ondansetron, haloperidol, naproxen, propanolol.

III: Propoxyphene, codeine, oxycodone, dextromethorphan, clozapine, timolol, tamoxifen, tramadol, seleglinide, 
fluoxetine, phenformin, paroxetine, risperidone, metoprolol, tricyclic antidepressants.

IV: Amitriptyline, celcoxib, ibuprofen, diclofenac, meloxicam, hexobarbital, losartan, S-warfarin, fluvastation, phenytoin, 
tolbutamide, glipizide, glibenclamide, fluoxetine, tamoxifen.

V: Acetaminophen, amiodarone, cisapride, astemizole, cocaine, cyclosporine, dapsone, diazepam, dihydroergotamine, 
diltiacem, felodipine, nifedipine, erythromycin, indinavir, lidocaine, methadone, miconazole, quinidine, paclitaxel, 
mifepristone, spironolactone, verapamil, trazolam, desametaxone, ritonavir, lovastatin, hydrocortisone.

VI: Nicotine.

VII: Bupropion, cyclophosphamide, efavirenz, ifosfamide, methadone.

VIII: Paclitaxel, torsemide, amodiaquine, cerivastatin, repaglinide.

Table 1. Effect of medicinal plants on CYP450 activity.
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Tables 1 and 2 show the effect of the phytochemical compounds present in medicinal plants 
and foods of vegetable origin. We mentioned principally those natural products that have 
an important effect on the induction and inhibition of different CYP450 isoenzymes and that 
have clinical relevance to produce toxicity or therapeutic failure.

3. Conclusions

The induction and inhibition of CYP450, by some bioactive compounds present in medicinal 
plants or foods, can modify the bioavailability of drugs. The changes in the bioavailability 
are important in the efficacy and safety of pharmacological management. It is important to 
consider that when a patient will be in a pharmacologic treatment, the patient should not 
use any medicinal plants or foods of vegetable origin that can induce or inhibit any CYP450 
isoenzymes.

Especially, they should not use the St. John’s wort and grapefruit, as their phytochemical 
compounds have a potent effect to induce or inhibit, respectively, the activity of CYP3A4 with 
important clinical relevance.

Fruit or vegetable Phytochemistry 
compound

Activity on 
CYP450

Clinical effect on substrates 
of CYP450

References

Broccoli Sulforaphane ↑CYP1A2 
↓CYP2D6

↓Plasmatic concentration of II
↑Plasmatic concentration of III

[3, 68, 69]

Grapefruit Furanocoumarin ↓CYP3A4 ↑Plasmatic concentration of V [3, 65, 70, 71]

Pomegranate Flavonoids 
Tannins 
Phenolic acids

↓CYP2C9 
↓CYP3A4

↑Plasmatic concentration of IV
↑Plasmatic concentration of V

[3, 72]

Sevillian orange Furanocoumarin ↓CYP3A4 ↑Plasmatic concentration of V [3, 73]

Star fruit Catechin Epicatechin ↓CYP3A4 ↑Plasmatic concentration of V [3, 74–76]

II: Acetaminophen, amitriptyline, phenacetin, tacrine, theophylline, tamoxifen, (R)warfarin, caffeine, verapamil, 
ondansetron, haloperidol, naproxen, propanolol.
III: Propoxyphene, codeine, oxycodone, dextromethorphan, clozapine, timolol, tamoxifen, tramadol, seleglinide, 
fluoxetine, phenformin, paroxetine, risperidone, metoprolol, tricyclic antidepressants.
IV: Amitriptyline, celcoxib, ibuprofen, diclofenac, meloxicam, hexobarbital, losartan, S-warfarin, fluvastation, phenytoin, 
tolbutamide, glipizide, glibenclamide, fluoxetine, tamoxifen.

V: Acetaminophen, amiodarone, cisapride, astemizole, cocaine, cyclosporine, dapsone, diazepam, dihydroergotamine, 
diltiacem, felodipine, nifedipine, erythromycin, indinavir, lidocaine, methadone, miconazole, quinidine, paclitaxel, 
mifepristone, spironolactone, verapamil, trazolam, desametaxone, ritonavir, lovastatin, hydrocortisone.

Table 2. Effect of fruits or vegetables on CYP450 activity.
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Tables 1 and 2 show the effect of the phytochemical compounds present in medicinal plants 
and foods of vegetable origin. We mentioned principally those natural products that have 
an important effect on the induction and inhibition of different CYP450 isoenzymes and that 
have clinical relevance to produce toxicity or therapeutic failure.

3. Conclusions

The induction and inhibition of CYP450, by some bioactive compounds present in medicinal 
plants or foods, can modify the bioavailability of drugs. The changes in the bioavailability 
are important in the efficacy and safety of pharmacological management. It is important to 
consider that when a patient will be in a pharmacologic treatment, the patient should not 
use any medicinal plants or foods of vegetable origin that can induce or inhibit any CYP450 
isoenzymes.

Especially, they should not use the St. John’s wort and grapefruit, as their phytochemical 
compounds have a potent effect to induce or inhibit, respectively, the activity of CYP3A4 with 
important clinical relevance.

Fruit or vegetable Phytochemistry 
compound

Activity on 
CYP450

Clinical effect on substrates 
of CYP450

References

Broccoli Sulforaphane ↑CYP1A2 
↓CYP2D6

↓Plasmatic concentration of II
↑Plasmatic concentration of III

[3, 68, 69]

Grapefruit Furanocoumarin ↓CYP3A4 ↑Plasmatic concentration of V [3, 65, 70, 71]

Pomegranate Flavonoids 
Tannins 
Phenolic acids

↓CYP2C9 
↓CYP3A4

↑Plasmatic concentration of IV
↑Plasmatic concentration of V

[3, 72]

Sevillian orange Furanocoumarin ↓CYP3A4 ↑Plasmatic concentration of V [3, 73]

Star fruit Catechin Epicatechin ↓CYP3A4 ↑Plasmatic concentration of V [3, 74–76]

II: Acetaminophen, amitriptyline, phenacetin, tacrine, theophylline, tamoxifen, (R)warfarin, caffeine, verapamil, 
ondansetron, haloperidol, naproxen, propanolol.
III: Propoxyphene, codeine, oxycodone, dextromethorphan, clozapine, timolol, tamoxifen, tramadol, seleglinide, 
fluoxetine, phenformin, paroxetine, risperidone, metoprolol, tricyclic antidepressants.
IV: Amitriptyline, celcoxib, ibuprofen, diclofenac, meloxicam, hexobarbital, losartan, S-warfarin, fluvastation, phenytoin, 
tolbutamide, glipizide, glibenclamide, fluoxetine, tamoxifen.

V: Acetaminophen, amiodarone, cisapride, astemizole, cocaine, cyclosporine, dapsone, diazepam, dihydroergotamine, 
diltiacem, felodipine, nifedipine, erythromycin, indinavir, lidocaine, methadone, miconazole, quinidine, paclitaxel, 
mifepristone, spironolactone, verapamil, trazolam, desametaxone, ritonavir, lovastatin, hydrocortisone.

Table 2. Effect of fruits or vegetables on CYP450 activity.
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Abstract

Endocrine-disrupting activity induced by xenobiotics might pose a possible health threat.
Facing so many chemicals, there is an issue on how we detect them precisely and effec-
tively. The whole embryo culture (WEC) test, an ex vivo exposure lasting 48 hours with rat
embryos of 10.5 days old, is used to detect prenatal developmental toxicity. We extended
the WEC function to detect the endocrine-disrupting activity induced by environmental
chemicals. Results showed that in the development of rat embryo, basically 17ß-estradiol,
triiodothyronine, triadimefon, penconazole, and propiconazole exhibited no significant
effect on yolk sac circulatory system, allantois, flexion, heart caudal neural tube, hind-
brain, midbrain, forebrain, otic system, optic system, olfactory system, maxillary process,
forelimb, hind limb, yolk sac diameter, crown-rump length, head length, and develop-
mental score. In the immunohistochemistry, the positive control of 17ß-estradiol showed
positive effect for its receptor expressions. These three triazoles induced expressions of
ERα and ERß in WEC. This result basically meets the mode of action that triazoles were
designed to disrupt the synthesis of steroid hormone. Here we gave a strategy to detect
possible endocrine-disrupting activity induced by xenobiotics in food. This strategy is
quick to initiate the whole rat embryo culture with 10.5 days to detect the hormone
receptors such as androgen, estrogen, thyroid, aromatase activity and its related receptors.

Keywords: whole embryo culture, xenobiotic, receptors, ex vivo, in vivo,
endocrine-disrupting activity

1. Introduction

As we know, there are many pesticides identified as endocrine disruptors, but the degree of
endocrine-disrupting activity (EDA) is different [1–5]. The different disrupting activities are
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involved in pesticide management. Because the potential endocrine-disrupting pesticides
should be prohibited, low EDA will be accepted under the control of below maximum residue
level (MRL). The development of new pesticide is based on its chemical functional groups for
pests including fungicides, insecticides, herbicides, and others. Due to the objective of pest
control of diseases, insects, and weeds, the side effect of pesticides will be appropriately
managed in order not to pose risk to the human and environment. It is reported that 105
pesticides could be listed in the endocrine-disrupting chemical (EDC) group (Table 1) [6–54].
Among these 105 pesticides, 31% are fungicides, 21% herbicides, and 46% insecticides; some of
these were withdrawn from use several years ago; even a little still can be detected in the
environment such as dichloro-diphenyl-trichloroethane (DDT) and atrazine in some countries.

EDCs focused on interfering with endogenous hormones possible by binding to and activating
various hormone receptors including estrogen, androgen, thyroid receptors, and aromatase
enzymes and mimic the hormone or enzyme activities including agonistic and antagonistic
actions. Basically, EDA is mainly related to the reproductive and developmental toxicity. Also
the major endocrine pathways would be hypothalamus-pituitary-gonadal and hypothalamus-
pituitary-thyroid, and the involving hormones are estrogen, androgen, and thyroid. The Organi-
zation for Co-operation and Development (OECD) test guidelines for reproductive and develop-
mental toxicity and EDA are listed in Table 2 [55, 56]. United States Environmental Protection
Agency (US EPA) test guidelines for reproductive and developmental toxicity and EDA are as
follows. Guidelines are 870.3550 reproduction/development toxicity screening test, 870.3650 com-
bined repeated dose toxicity with the reproduction/development toxicity screening test, 870.3700
prenatal developmental toxicity study, 870.3800 reproduction and fertility effects, and 870.6300
developmental neurotoxicity study. USEPA Series 890 endocrine disruptor screening program
test guidelines are isolated from OPPTS 870 Series. The final endocrine disruptor screening
program test guidelines are generally intended to meet testing requirements under Toxic Sub-
stances Control Act (TSCA); Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA); and
Federal Food, Drug, and Cosmetic Act (FFDCA) to determine if a chemical substance may pose a
risk to human health or the environment due to the disruption of the endocrine system. Group A
—EDSP Tier 1 and Group B—EDSP Tier 2 test guidelines are listed in Table 3.

The main shortcomings of above guidelines are that they are expensive and time-consuming
and the need of a lot of number of laboratory animals. It is reported that cost and the minimum
number of laboratory animals are requested for applying OECD test guidelines to test toxicity
to reproductive and developmental toxicity. Table 2 shows the cost and minimum number of
laboratory animals [55, 56]. Besides, the associated bioethical and social concerns are becoming
a challenge. Nowadays, the common knowledge of using laboratory animals is reduce, refine,
and replace (3Rs). Facing these situations, we should take cheap and reliable alternatives to
screen the reproductive and developmental toxicity and EDA and decide the next steps for
necessities of toxicity tests.

It is reported that a widely used technique for screening prenatal developmental toxicity is by
monitoring organogenesis during gestational days (GD) 10–12 [57]. In support to whole rat
embryo culture (rat WEC), a variety of morphological endpoints is integrated in the total
morphological score (TMS) [58]. When applying the TMS in rat WEC, effects of pesticides on
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Pesticides EDC related Pesticides EDC related

2,4-D (H) AR [6] Heptachlor (I) ER, AR [25, 46]

Acephate (I) Hypothalamus [7] Hexaconazole (F) Aromatase activity, estrogens,
androgens [20]

Acetochlor (H) ER, TR [8, 9] Isoproturon (H) Pregnane X cellular receptor [5]

Alachlor (H) ER, PR [10, 11] Iprodione (F) Aromatase activity, estrogen [2]

Aldicarb (I) 17 Beta-estradiol,
progesterone [10, 12]

Linuron (H) AR, TR [25, 47]

Aldrin (I) AR [13] Malathion (I) TR [10, 48]

Atrazine (H) Androgen, aromatase activity,
estrogen, luteinizing hormone,
prolactin [10, 14–17]

Methiocarb (H) Androgen, estrogen [2]

Bendiocarb (I) Estrogen effect [10] Methomyl (I) Aromatase activity,
estrogen [2, 10]

Benomyl (F) Estrogen, aromatase activity [18] Methoxychlor (I) Estrogenic effect, AR, pregnane X
cellular receptor [10, 11, 13]

Bioallethrin (I) Estrogen-sensitive [19] Metolachlor Pregnane X cellular receptor [5]

Bitertanol (F) Aromatase activity, estrogens,
androgen [20]

Metribuzin (H) Hyperthyroidism,
somatotropin [49]

Bupirimate (F) Pregnane X cellular receptor [5] Mirex (I) Estrogen effect [10]

Captan (F) Estrogen action [21] Molinate (H) Reduction of fertility [10]

Carbaryl (I) Estrogen effect [10] Myclobutanil (F) Estrogen, androgen, ER, AR,
aromatase [20, 21, 35]

Carbendazim (F) Estrogen and aromatase activity [18] Nitrofen (H) Estrogen, androgen [21]

Carbofuran (I) Progesterone, cortisol, estradiol,
testosterone [22]

Oxamyl (I) Estrogen effect [10]

Chlorothalonil (F) Androgen-sensitive [23] Parathion (I) Melatonin, gonadotrophic
hormone [10]

Chlordane (I) ER [10], AR [13] Penconazole (F) Estrogenic effect, aromatase
activity, estrogens,
androgens [20, 35]

Chlordecone (I) AE, ER [21, 24, 25] Pentachlorophenol
(H, F, I)

Estrogenic, androgenic affect [10]

Chlorfenvinphos (I) Estrogen effect [26] Permethrin (I) Estrogen-sensitive [19, 29]

Chlorpyrifos methyl (I) AR [27] Phenylphenol (F) Estrogen [50]

Cypermethrin (I) Estrogenic effect [28, 29] Prochloraz (F) Pregnane X cellular receptor, AR,
ER, AhR, aromatase
activity [2, 5, 36, 51]

Cyproconazole (F) Aromatase activity, estrogens,
androgens [20]

Procymidone (F) AR [25]

DDT and metabolites
(I)

AR, androgen-sensitive, ER,
PR [13, 23, 24, 30]

Propamocarb (F) Aromatase activity, estrogen [2]

Deltamethrin (I) Estrogenic activity [2] Propanil (H) Estrogen [52]
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the embryonic toxicity could be investigated with qualitative and quantitative endpoints. As
we know, azoles are antifungal agents for clinical and agricultural use. Penconazole,
propiconazole, and triadimefon were most common triazole pesticides in Taiwan. A report

Pesticides EDC related Pesticides EDC related

Diazinon (I) Estrogenic effect [31] Propazine (H) Aromatase activity, estrogen [15]

Dichlorvos (I) AR [2] Propiconazole (F) Estrogen, aromatase activity,
androgens [20, 35]

Dicofol (I) Androgen synthesis, estrogens
synthesis, ER [17, 21]

Propoxur (I) Estrogenic effect [10]

Dieldrin (I) AR, estrogenic effect, ER [2, 13, 24, 32] Prothiophos (I) Estrogenic effect [31]

Diflubenzuron (I) Pregnane X cellular receptor [5] Pyridate (H) ER, AR [21]

Dimethoate (I) Thyroid hormones, insulin,
luteinizing hormone [33, 34]

Pyrifenox (F) Estrogen [35]

Diuron (H) Androgen action [17] Pyriproxyfen (I) Estrogenic effect [31]

Endosulfan (I) AR, estrogenic effect, ER, aromatase
activity [2, 13, 30, 32]

Resmethrin (I) Sex hormone [40]

Endrin (I) AR [13] Simazine (H) Aromatase activity, estrogen [15]

Epoxiconazole (F) Aromatase activity, estrogen,
androgens [20, 35]

Sumithrin (I) Estrogen-sensitive,
progesterone [19, 39]

Fenarimol (F) Androgenic action, aromatase,
pregnane X cellular receptor [2, 5, 36]

Tebuconazole (F) Aromatase activity, estrogens,
androgens [20]

Fenbuconazole (F) Thyroid hormones, pregnane X
cellular receptor [5, 10]

Tetramethrin (I) Estrogen [53]

Fenitrothion (I) AR, estrogens [21, 37] Tolclofos-methyl (I) ER [36]

Fenoxycarb (I) Testosterone [38] Toxaphene (I) Estrogen-sensitive,
corticosterone [10, 32]

Fenvalerate (I) Estrogen-sensitive,
progesterone [18, 39]

Triadimefon (F) Estrogenic effect, aromatase
activity, androgens [21]

Fluvalinate (I) Human sex hormone,
progesterone [40, 41]

Triadimenol (F) Estrogenic effect, aromatase
activity, androgens [20, 21]

Flusilazole (F) Aromatase activity, estrogens,
androgens [20]

Tribenuron-methyl
(H)

Estrogenic effect [2]

Flutriafol (F) Estrogen [35] Trichlorfon (I) Thyroid function [54]

Glyphosate (H) Aromatase activity, estrogens [42] Trifluralin (H) Pregnane X cellular receptor,
steroid hormone [11]

HCB (F) Thyroid hormone, androgen [43, 44] Vinclozolin (F) AR, pregnane X cellular receptor,
steroid hormone [2, 11, 25]

HCH (lindane) (I) Estrous cycles, luteal progesterone,
insulin, estradiol, thyroxine, AR, ER,
PR [33, 45]

I, insecticides; F, fungicides; H, herbicides

Table 1. The summary of reported endocrine disruptor pesticides and their related EDC activity.
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showed that triazole chemicals antagonized the aromatase, which transfer testosterone into
17ß-estradiol in mammals. Triazole chemicals were designed to disrupt the Cyp51 enzyme,
which catalyzes the conversion of lanosterol to ergosterol on the fungal cell membrane, and led
to cell death when attacked [59]. Though in the respect of mammalian systems Cyp51 is less

OECD
guideline

Topic Animals Estimated
cost (€)

414 Prenatal development toxicity 784 63,100 (rats)
92,500
(rabbits)

416 Reproductive toxicity in two generations 3200a 328,00

421 Screening test for reproductive and developmental toxicity 560 54,600

422 Combined repeated dose toxicity study with the reproduction/developmental
toxicity screening test

412 92,000

426 Neurodevelopmental toxicity study 1400 1100

Data came from Rovida and Hartung [55]; Sogorb et al. [56].
aAll the animals including discarded pups.

Table 2. Economical cost and number of animals needed to apply the OECD guidelines for testing reproductive
toxicology.

OPPTS 890 series Topic

Group A—EDSP Tier 1

890.1100 Amphibian metamorphosis (frog)

890.1150 Androgen receptor binding (rat prostate)

890.1200 Aromatase (human recombinant)

890.1250 Estrogen receptor binding

890.1300 Estrogen receptor transcriptional activation (human cell line HeLa-9903)

890.1350 Fish short-term reproduction

890.1400 Hershberger (rat)

890.1450 Female pubertal (rat)

890.1500 Male pubertal (rat)

890.1550 Steroidogenesis (human cell line—H295R)

890.1600 Uterotrophic (rat)

Group B—EDSP Tier 2

890.2100 Avian two-generation toxicity test in the Japanese quail

890.2200 Medaka-extended one-generation reproduction test

890.2300 Larval amphibian growth and development assay (LAGDA)

Table 3. USEPA Tier 1 and Tier 2 test guidelines.
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HCB (F) Thyroid hormone, androgen [43, 44] Vinclozolin (F) AR, pregnane X cellular receptor,
steroid hormone [2, 11, 25]

HCH (lindane) (I) Estrous cycles, luteal progesterone,
insulin, estradiol, thyroxine, AR, ER,
PR [33, 45]

I, insecticides; F, fungicides; H, herbicides

Table 1. The summary of reported endocrine disruptor pesticides and their related EDC activity.
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showed that triazole chemicals antagonized the aromatase, which transfer testosterone into
17ß-estradiol in mammals. Triazole chemicals were designed to disrupt the Cyp51 enzyme,
which catalyzes the conversion of lanosterol to ergosterol on the fungal cell membrane, and led
to cell death when attacked [59]. Though in the respect of mammalian systems Cyp51 is less

OECD
guideline

Topic Animals Estimated
cost (€)

414 Prenatal development toxicity 784 63,100 (rats)
92,500
(rabbits)

416 Reproductive toxicity in two generations 3200a 328,00

421 Screening test for reproductive and developmental toxicity 560 54,600

422 Combined repeated dose toxicity study with the reproduction/developmental
toxicity screening test

412 92,000

426 Neurodevelopmental toxicity study 1400 1100

Data came from Rovida and Hartung [55]; Sogorb et al. [56].
aAll the animals including discarded pups.

Table 2. Economical cost and number of animals needed to apply the OECD guidelines for testing reproductive
toxicology.

OPPTS 890 series Topic

Group A—EDSP Tier 1

890.1100 Amphibian metamorphosis (frog)

890.1150 Androgen receptor binding (rat prostate)

890.1200 Aromatase (human recombinant)

890.1250 Estrogen receptor binding

890.1300 Estrogen receptor transcriptional activation (human cell line HeLa-9903)

890.1350 Fish short-term reproduction

890.1400 Hershberger (rat)

890.1450 Female pubertal (rat)

890.1500 Male pubertal (rat)

890.1550 Steroidogenesis (human cell line—H295R)

890.1600 Uterotrophic (rat)

Group B—EDSP Tier 2

890.2100 Avian two-generation toxicity test in the Japanese quail

890.2200 Medaka-extended one-generation reproduction test

890.2300 Larval amphibian growth and development assay (LAGDA)

Table 3. USEPA Tier 1 and Tier 2 test guidelines.
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sensitive to azoles, it was still critical for the sterol biosynthesis pathway and might be related
to the thyroid function. In this study, we will take triazoles penconazole, propiconazole, and
triadimefon as an example for the alternative of endocrine-disruptor screening.

2. Materials and methods

2.1. Animals

The animal use protocol was reviewed and approved by the Institutional Animal Care and Use
Committee of the Taiwan Agricultural Chemicals and Toxic Substances Research Institute.
Five-week-old male and female Wistar rats were purchased from BioLASCO (Taipei, Taiwan,
ROC). The rats were acclimated to the laboratory environment and reared under a controlled
temperature (21 � 2�C), humidity (40–70%), frequency of ventilation (at least 10/h), and
alternating 12 hour cycles of light and darkness. The rats were administered a pellet rodent
diet and water ad libitum until they were sacrificed. At 12 weeks of age, the 4 male and 20
female rats were allowed to mate with 2 males to 2 females per day. Gestation day (GD) 0 was
defined as the day that sperm was observed in the vagina of the female following mating.

2.2. Chemicals

Materials were obtained from the following manufacturers: DMSO (dimethyl sulfoxide), T3
(triiodothyroxine), Tria (triadimefon), Penc (penconazole), and Prop (propiconazole). All these
chemicals with 97% pure at least were purchased from Sigma Chemical Co. (St. Louis, MO).

2.3. Rat whole embryo culture

Five-week-old female and male rats were purchased and reared in the first animal house
breeding room until 11–12 weeks of age. Two males and two females were bred in the same
cage. The female rats were examined for vaginal plugs on the next day. The occurrence was
considered as successful breeding. From the date of pregnancy to the 10.5th day, the embryos
were dissected. Reichert’s membrane was removed according to the method described by
Andrews et al. [60] and Dimopoulou et al. [61], and the embryos containing the intact yolk
sac placenta and the urinary membrane were removed and randomly placed in a 4 mL culture
medium HBSS solution containing 50 IU of penicillin G/mL and 50 μg streptomycin/mL. The
sample was added to a 25 T culture flask containing filter-sterilized rat serum and subjected to
complement deactivation and cultured in a constant temperature incubator at 37�C for
48 hours. The culture solution was initially inflated with a mixed gas of 5% O2, 5% CO2, and
90% N2 for 1 minute, and after about 16 hours of culture, 10% O2, 5% CO2, and 85% N2,
inflated for 1 minute, and were cultured until the 24th hour. Inflate for 1 minute with 20% O2,
5% CO2, and 75% N2. Each treatment dose was inflated for 1 minute at 40% O2, 5% CO2, and
55% N2 at 40 hours, and the embryos were measured for growth, development, and morphol-
ogy at the end of 48 hours of culture. Embryonic development was modified according to
Brown and Fabro [62], and the evaluation included embryo growth traits and developmental
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stages, which were considered death if the embryonic yolk sac circulation system or the heart
stopped beating. Finally, the carcass head-tail length, developmental grade, head length,
number of body segments, and yolk sac diameter were analyzed by t-test and related mea-
surements according to statistical methods; death and abnormal embryos were determined by
chi-square. Half of the evaluated embryos were preserved in neutral formalin solution for
immunostaining, and the other half were stored in PBS for WB analysis to detect antibody
responses related to hormone receptor or enzyme antibodies including AR, ERα, ERß, TRα,
TRß, and aromatase.

2.4. Pesticide treatment and evaluation of embryo morphology

This study aimed to investigate the effect of these three pesticides on estrogen receptor (ERα
and ERß), thyroid receptor (TRα and TRß), and aromatase activities in whole rat embryo
culture (rat WEC) on gestation day (GD) 10.5. The concentrations of WEC were 3.1E-5, 6.2E-5,
and 1.2E-4 M of penconazole, propiconazole, and triadimefon. The culture period was
48 hours. After culture the embryo morphology was assessed according to the TMS sys-
tem [62], we graded the endpoint as no effect (�), little effect (�), effect (+), and potential effect
(++). After evaluation of embryo development, it was fixed in formalin or kept in HBSS for
immunohistochemistry (IHC) and western blot (WB), respectively.

2.5. Immunohistochemical (IHC) evaluation

The embryos were treated by penconazole, propiconazole, and triadimefon with concentra-
tions of 3.1E-5, 6.2E-5, and 1.2E-4 M. Embryos from control and pesticide treatments were
fixed in 10% neutral buffered formalin for 1 week. The embryos were then dehydrated with
increasing concentrations of ethanol, cleared in toluene, and embedded in paraffin. All the
sections were cut into 5 mm slices and deparaffinized, hydrated, and treated with 0.3% H2O2

in PBS (pH 7.6) for 30 minutes to block endogenous peroxidase activity and finally treated with
a protein-blocking solution (5% goat serum diluted in phosphate-buffered saline). All these
steps were followed by heating the sections in a microwave oven for antigen retrieval using a
0.01 M citrate buffer solution (pH 5.5). Tissue sections were immunostained with rabbit anti-
AR(N-20), anti-ER (MC) antibody (Santa Cruz Co., CA), TRα (C0345), TRß (C0346) (Assay
Biotechnology Co. Sunnyvale, CA), and aromatase (SM2222P)(Acris Antibodies, Inc., San
Diego, CA), which was diluted 1:250 in phosphate-buffered saline and 0.25% bovine serum
albumin and maintained at room temperature overnight. The tissue sections were then devel-
oped with a streptavidin-HRP kit (Chemicon IHC Select® CA, USA), using diaminobenzidine
as the chromogen, and were counterstained with hematoxylin. All images were optimized by
using an inverted microscope (Leica, Wetzlar GmbH, Germany). To quantify the relative
amount of activity of ER, TR, and aromatase in the IHC, 200 nuclei stained per field in a slide,
5 fields per slide, and 5 slides per dose were counted. The intensity of AR, ER, TR, and
aromatase proteins stained in nucleus was graded as (0, negative), + (1, mild), ++ (2, moderate),
+++ (3, intense), ++++ (4, more intense), or +++++ (5, very intense). The measurements were
control group adjusted, and the values were statistically analyzed.
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chemicals with 97% pure at least were purchased from Sigma Chemical Co. (St. Louis, MO).

2.3. Rat whole embryo culture

Five-week-old female and male rats were purchased and reared in the first animal house
breeding room until 11–12 weeks of age. Two males and two females were bred in the same
cage. The female rats were examined for vaginal plugs on the next day. The occurrence was
considered as successful breeding. From the date of pregnancy to the 10.5th day, the embryos
were dissected. Reichert’s membrane was removed according to the method described by
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sac placenta and the urinary membrane were removed and randomly placed in a 4 mL culture
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sample was added to a 25 T culture flask containing filter-sterilized rat serum and subjected to
complement deactivation and cultured in a constant temperature incubator at 37�C for
48 hours. The culture solution was initially inflated with a mixed gas of 5% O2, 5% CO2, and
90% N2 for 1 minute, and after about 16 hours of culture, 10% O2, 5% CO2, and 85% N2,
inflated for 1 minute, and were cultured until the 24th hour. Inflate for 1 minute with 20% O2,
5% CO2, and 75% N2. Each treatment dose was inflated for 1 minute at 40% O2, 5% CO2, and
55% N2 at 40 hours, and the embryos were measured for growth, development, and morphol-
ogy at the end of 48 hours of culture. Embryonic development was modified according to
Brown and Fabro [62], and the evaluation included embryo growth traits and developmental

Medicinal Chemistry142

stages, which were considered death if the embryonic yolk sac circulation system or the heart
stopped beating. Finally, the carcass head-tail length, developmental grade, head length,
number of body segments, and yolk sac diameter were analyzed by t-test and related mea-
surements according to statistical methods; death and abnormal embryos were determined by
chi-square. Half of the evaluated embryos were preserved in neutral formalin solution for
immunostaining, and the other half were stored in PBS for WB analysis to detect antibody
responses related to hormone receptor or enzyme antibodies including AR, ERα, ERß, TRα,
TRß, and aromatase.

2.4. Pesticide treatment and evaluation of embryo morphology

This study aimed to investigate the effect of these three pesticides on estrogen receptor (ERα
and ERß), thyroid receptor (TRα and TRß), and aromatase activities in whole rat embryo
culture (rat WEC) on gestation day (GD) 10.5. The concentrations of WEC were 3.1E-5, 6.2E-5,
and 1.2E-4 M of penconazole, propiconazole, and triadimefon. The culture period was
48 hours. After culture the embryo morphology was assessed according to the TMS sys-
tem [62], we graded the endpoint as no effect (�), little effect (�), effect (+), and potential effect
(++). After evaluation of embryo development, it was fixed in formalin or kept in HBSS for
immunohistochemistry (IHC) and western blot (WB), respectively.

2.5. Immunohistochemical (IHC) evaluation

The embryos were treated by penconazole, propiconazole, and triadimefon with concentra-
tions of 3.1E-5, 6.2E-5, and 1.2E-4 M. Embryos from control and pesticide treatments were
fixed in 10% neutral buffered formalin for 1 week. The embryos were then dehydrated with
increasing concentrations of ethanol, cleared in toluene, and embedded in paraffin. All the
sections were cut into 5 mm slices and deparaffinized, hydrated, and treated with 0.3% H2O2

in PBS (pH 7.6) for 30 minutes to block endogenous peroxidase activity and finally treated with
a protein-blocking solution (5% goat serum diluted in phosphate-buffered saline). All these
steps were followed by heating the sections in a microwave oven for antigen retrieval using a
0.01 M citrate buffer solution (pH 5.5). Tissue sections were immunostained with rabbit anti-
AR(N-20), anti-ER (MC) antibody (Santa Cruz Co., CA), TRα (C0345), TRß (C0346) (Assay
Biotechnology Co. Sunnyvale, CA), and aromatase (SM2222P)(Acris Antibodies, Inc., San
Diego, CA), which was diluted 1:250 in phosphate-buffered saline and 0.25% bovine serum
albumin and maintained at room temperature overnight. The tissue sections were then devel-
oped with a streptavidin-HRP kit (Chemicon IHC Select® CA, USA), using diaminobenzidine
as the chromogen, and were counterstained with hematoxylin. All images were optimized by
using an inverted microscope (Leica, Wetzlar GmbH, Germany). To quantify the relative
amount of activity of ER, TR, and aromatase in the IHC, 200 nuclei stained per field in a slide,
5 fields per slide, and 5 slides per dose were counted. The intensity of AR, ER, TR, and
aromatase proteins stained in nucleus was graded as (0, negative), + (1, mild), ++ (2, moderate),
+++ (3, intense), ++++ (4, more intense), or +++++ (5, very intense). The measurements were
control group adjusted, and the values were statistically analyzed.
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2.6. Western blot

The embryo homogenates were then centrifuged at 3000 � g for 30 minutes at 4�C. The
supernatants were aliquoted and stored at �86�C before use. Before western blotting, protein
contents were measured by BCA protein assay (Cat. No. 23225, Pierce). Equal amounts of
protein were loaded onto each polyacrylamide gel. The antibody dilutions were 1:200 for the
anti-AR (N-20), ERα (MC-20), ERß (H-150) (Santa Cruz Co., CA), TRα (C0345), TRß (C0346)
(Assay Biotechnology Co. Sunnyvale, CA), and aromatase (SM2222P) (Acris Antibodies, Inc.,
San Diego, CA) and 1:5000 for the horseradish peroxidase-conjugated goat anti-rabbit IgG
(AP132P, Chemicon International). For each treatment group, five samples were analyzed in
two separate blots. Total protein extracts from the embryo homogenates were denatured and
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with
7.5% polyacrylamide. The proteins were transferred to nitrocellulose membranes. The mem-
branes were then blocked for non-specific binding and incubated with polyclonal primary
antibodies for AR (N-20), ERα (MC-20), ERß (H-150) (Santa Cruz Co., CA), TRα (C0345), TRß
(C0346) (Assay Biotechnology Co. Sunnyvale, CA), aromatase (SM2222P) (Acris Antibodies,
Inc., San Diego, CA), and ß-actin (AP132P, Chemicon International). After incubation with
primary antibody, the membranes were incubated with horseradish peroxidase-linked anti-
goat IgG secondary antibody and visualized on film exposed to enhanced chemiluminescence
(VisualizerTM Western Blot Detection Kit, Millipore, MA, USA). The relative amount of pro-
tein in the resulting immunoblot bands was estimated by measuring the optical densities of the
bands on exposed films using a FOTO/Analyst® Investigator System (Fotodyne Incorporated,
WI, USA). The measurements were background adjusted, and the values were statistically
analyzed. Protein for ß-actin served as an internal standard.

2.7. Statistical analysis

The values of ER, TR, and aromatase in western blot were normalized against ß-actin. All
results were statistically analyzed with the t-test, and p < 0.05 was considered statistically
significant. The other data were expressed as mean � SE. Data were subjected to ANOVA
followed by t-test. The level of significance was set at p < 0.05.

3. Results

In the development of rat embryo, 17ß-estradiol (E2), triiodothyronine (T3), triadimefon,
penconazole, and propiconazole exhibited no significant effect on yolk sac circulatory system,
allantois, flexion, heart caudal neural tube, hindbrain, midbrain, forebrain, otic system, optic
system, olfactory system, maxillary process, forelimb, hind limb, yolk sac diameter, crown-
rump length, head length, and developmental score (Tables 4–6; Figure 1).
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In the immunohistochemistry (IHC), the 17ß-estradiol (ERα and ERß) positive control showed
the respective results of receptor expressions. Our results showed that penconazole,
propiconazole, and triadimefon induced expressions of ERα (Figure 2) and ERß (Figure 3) in
WEC. This result basically meets the mechanisms of triazoles designed to disrupt the synthesis
of steroid hormone. Also, results showed that penconazole, propiconazole, and triadimefon
induced expressions of TRß (data not shown), but not in TRα (data not shown) with WEC. The
relationship among TRß and AR and ER still needs to be investigated. Also, we need to study
the antagonistic effects by adding the antagonists for the receptor expression. These three
pesticides did not affect significantly AR (data not shown) and aromatase activity (data not
shown). In the western blot (WB) data, these three pesticides did not affect significantly AR,
ERα, ERß, TRα, TRß, and aromatase expressions in WEC (data not shown). The difference
between IHC and WB induced by these three pesticides might be the sensitivity of detecting
method. WB needs some embryos for the protein quantitative, while IHC can detect activity in
an embryo.

Treatment Yolk sac circulatory
system

Allantois Flexion Heart Caudal neural
tube

Hindbrain Midbrain

DMSO 3.1 � 0.3 4.0 � 0.0 2.0 � 0.8 2.6 � 0.7 3.7 � 1.3 2.8 � 0.8 2.8 � 0.8

E2 3.0 � 0.8 4.0 � 0.0 3.0 � 1.8 2.8 � 0.5 4.3 � 1.0 2.0 � 1.2 2.5 � 1.0

T3 3.0 � 0.0 4.0 � 0.0 2.5 � 2.1 2.0 � 1.4 3.0 � 0.0 3.0 � 0.0 3.0 � 0.0

Triadimefon

L 2.5 � 0.6 4.0 � 0.0 3.0 � 0.8 3.0 � 0.0 4.0 � 0.0 1.0 � 0.0 3.0 � 0.0

M 2.8 � 0.5 4.0 � 0.0 2.5 � 0.6 3.0 � 0.0 4.3 � 0.5 2.5 � 1.0 2.5 � 1.0

H 3.0 � 0.0 4.0 � 0.0 1.8 � 1.0 2.8 � 0.4 4.0 � 0.9 2.7 � 0.8 2.7 � 1.0

Penconazole

L 3.7 � 0.6* 4.0 � 0.0 3.7 � 1.2* 3.0 � 0.0 4.3 � 1.2 3.0 � 0.0 3.0 � 0.0

M 3.6 � 0.6* 4.0 � 0.0 2.7 � 0.6 3.0 � 0.0 4.0 � 0.0 3.0 � 0.0 3.0 � 0.0

H 3.4 � 0.5 4.0 � 0.0 3.0 � 1.9 2.4 � 0.9 3.8 � 0.8 2.2 � 1.1 2.4 � 0.9

Propiconazole

L 3.0 � 0.0 4.0 � 0.0 3.0 � 2.0 3.0 � 0.0 3.7 � 0.6 2.3 � 1.2 2.3 � 1.2

M 2.8 � 0.4 3.8 � 0.4 2.4 � 0.9 3.0 � 0.0 4.0 � 0.7 2.8 � 0.4 2.8 � 0.5

H 3.0 � 0.8 4.0 � 0.0 2.5 � 1.7 3.0 � 0.0 3.8 � 1.0 3.0 � 0.0 3.0 � 0.0

All pesticide concentrate are 3.1E-5 M (low concentration, L), 6.2E-5 M (middle concentration, M), and 1.2E-4 M (high
concentration, H). Dimethyl sulfoxide, DMSO; 17ß-estradiol, E2; and triiodothyronine, T3. E2 and T3 concentrations, 1.2E-
4 M.
*P < 0.05.

Table 4. Effect of treatment with triazole pesticides on some developmental scores of rat embryo culture of day 10.5 for
48 hours.
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WI, USA). The measurements were background adjusted, and the values were statistically
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Treatment Forebrain Otic
system

Optic
system

Olfactory
system

Branchial
bars

Maxillary
process

Mandibular
process

DMSO 2.7 � 0.7 1.8 � 0.4 2.8 � 1.3 1.5 � 0.7 1.4 � 0.5 0.9 � 0.3 2.0 � 0.0

E2 2.8 � 1.3 2.0 � 0.8 3.0 � 1.4 1.0 � 0.0 1.0 � 0.0 1.0 � 0.0 2.0 � 0.0

T3 3.0 � 0.0 1.5 � 0.7 2.5 � 2.1 1.5 � 0.7 1.5 � 0.7 1.0 � 0.0 2.0 � 0.0

Triadimefon

L 2.8 � 0.6 1.5 � 0.6 3.5 � 1.0 1.8 � 0.5 1.3 � 0.5 1.0 � 0.0 2.0 � 0.0

M 2.3 � 1.0 1.5 � 0.6 3.3 � 1.0 1.0 � 0.0 1.5 � 0.6 1.0 � 0.0 2.0 � 0.0

H 2.7 � 1.0 1.7 � 0.5 3.3 � 0.8 1.5 � 0.5 1.2 � 0.4 1.0 � 0.0 2.0 � 0.0

Penconazole

L 3.3 � 0.6 1.7 � 0.6 3.3 � 1.2 1.7 � 0.6 1.3 � 0.6 1.0 � 0.0 2.0 � 0.0

M 3.7 � 0.6 1.7 � 0.6 4.0 � 0.0 1.7 � 0.6 1.7 � 0.6 1.0 � 0.0 2.0 � 0.0

H 2.6 � 1.5 2.0 � 1.0 3.2 � 1.8 1.2 � 0.8 1.2 � 0.4 1.0 � 0.0 2.0 � 0.0

Propiconazole

L 2.7 � 1.5 1.7 � 1.2 3.3 � 2.1 1.3 � 0.6 1.3 � 0.6 1.0 � 0.0 2.0 � 0.0

M 2.8 � 0.4 1.4 � 0.5 2.6 � 1.1 1.2 � 0.4 1.2 � 0.4 1.0 � 0.0 2.0 � 0.0

H 3.3 � 0.5 1.5 � 0.6 2.5 � 1.7 1.8 � 0.5 1.0 � 0.0 1.0 � 0.0 2.0 � 0.0

All pesticide concentrate are 3.1E-5 M (low concentration, L), 6.2E-5 M (middle concentration, M), and 1.2E-4 M (high
concentration, H). Dimethyl sulfoxide, DMSO; 17ß-estradiol, E2; and triiodothyronine, T3. E2 and T3 concentrations: 1.2E-
4 M.

Table 5. Effect of treatment with triazole pesticides on some other developmental scores of rat embryo culture of day 10.5
for 48 hours.

Treatment Forelimb Hind
limb

Yolk sac
diameter (A)

(mm)

Yolk sac
diameter (B)

(mm)

Crown-rump
length (mm)

Head
length
(mm)

Developmental
score

DMSO 0.7 � 0.5 0.7 � 0.5 6.4 � 1.2 5.7 � 1.0 5.2 � 1.1 1.9 � 0.6 38 � 7

E2 0.8 � 0.5 0.8 � 0.5 6.6 � 1.4 5.2 � 1.7 4.4 � 1.4 2.2 � 0.7 38 � 8

T3 1.0 � 0.0 1.0 � 0.0 5.8 � 0.1 4.9 � 1.6 4.0 � 1.8 1.7 � 0.8 38 � 6

Triadimefon

L 0.5 � 0.6 0.8 � 0.5 4.8 � 1.0 4.8 � 0.6 4.9 � 0.4 1.7 � 0.3 40 � 3

M 0.5 � 0.6 1.0 � 0.0 5.0 � 0.7 5.0 � 0.7 5.4 � 1.0 1.9 � 0.3 38 � 2

H 0.7 � 0.5 0.8 � 0.4 4.7 � 0.9* 5.3 � 1.2 4.9 � 0.9 1.8 � 0.5 39 � 4

Penconazole

L 0.7 � 0.6 1.3 � 0.6 7.1 � 1.7 6.4 � 1.6 6.0 � 1.0 2.5 � 0.6 43 � 4

M 1.0 � 0.0 0.7 � 0.6 6.9 � 0.5 5.7 � 1.1 5.8 � 0.7 3.0 � 0.5 43 � 3

H 0.6 � 0.5 1.0 � 0.7 6.3 � 1.2 6.2 � 1.2 4.6 � 1.7 2.1 � 1.1 39 � 9
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4. Discussion

WEC was used to study the prenatal developmental toxicity induced by environmental
chemicals including phthalate and methoxyacetic acid [63, 64], aliphatic amides [65], and
triazole pesticides [66, 67]. In respect of the 3Rs principle of animal study, WEC is an alterna-
tive to screen the potential of prenatal developmental toxicity of environmental compounds.
Although ex vivo exposure of WEC was used limitedly without metabolisms of chemicals,
most chemicals exhibited their action by parent compound. In this study, we found that in
combination with IHC and WB, WEC will be a robust way to detect the endocrine-disrupting
activity induced by environmental chemicals. In this study, we used WEC to detect the impor-
tant receptors including AR, ERα, ERß, TRα, and TRß and enzyme aromatase activity poten-
tial induced by triadimefon, penconazole, and propiconazole. There is one shortcoming of
WEC to be addressed. Due to the small amount of embryo, WB is hard to quantify the proteins
of hormone receptors. The solution to the problem is to pool the embryo treated by one dose
and analyze it. Also, we knew that fortunately nowadays IHC quantification is available.
Finally, we concluded that in combination with IHC and WB, WEC will be a robust way to
detect EDCs in food.

5. Future work and recommendations

In order to meet the 3Rs including reduction, refine, and replace and precise risk assessment,
adverse outcome pathway (AOP) is extensively developed by OECD. By tier screening for
EDCs, the molecular initiating event (MIE), key event (KE), key event relationship (KER), and
adverse outcome (AO) will be studied. As the guideline stated, the AOP framework made
clear the mechanisms from MIE, KE, and KER to AO will meet the criteria of 3Rs of the animal
study and provide a quick and precise way to regulatory protection goals and decision-making.

Treatment Forelimb Hind
limb

Yolk sac
diameter (A)

(mm)

Yolk sac
diameter (B)

(mm)

Crown-rump
length (mm)

Head
length
(mm)

Developmental
score

Propiconazole

L 0.7 � 0.6 0.7 � 0.6 6.0 � 1.4 5.4 � 0.8 5.0 � 0.4 2.1 � 0.7 38 � 9

M 0.6 � 0.5 0.6 � 0.5 4.2 � 0.8* 4.5 � 1.0* 4.5 � 1.1 1.8 � 0.4 40 � 5

H 0.7 � 0.6 0.8 � 0.5 5.5 � 2.2 4.8 � 0.5 4.2 � 1.4 1.9 � 0.8 38 � 6

All pesticide concentrate are 3.1E-5 M (low concentration, L), 6.2E-5 M (middle concentration, M), and 1.2E-4 M (high
concentration, H). Dimethyl sulfoxide, DMSO; 17ß-estradiol, E2; and triiodothyronine, T3. E2 and T3 concentrations: 1.2E-
4 M.
*P < 0.05.

Table 6. Effect of co-treatment with triazole pesticides on developmental parameters and scores of rat embryo culture of
day 10.5 for 48 hours.
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Treatment Forebrain Otic
system

Optic
system

Olfactory
system

Branchial
bars

Maxillary
process

Mandibular
process

DMSO 2.7 � 0.7 1.8 � 0.4 2.8 � 1.3 1.5 � 0.7 1.4 � 0.5 0.9 � 0.3 2.0 � 0.0

E2 2.8 � 1.3 2.0 � 0.8 3.0 � 1.4 1.0 � 0.0 1.0 � 0.0 1.0 � 0.0 2.0 � 0.0

T3 3.0 � 0.0 1.5 � 0.7 2.5 � 2.1 1.5 � 0.7 1.5 � 0.7 1.0 � 0.0 2.0 � 0.0

Triadimefon

L 2.8 � 0.6 1.5 � 0.6 3.5 � 1.0 1.8 � 0.5 1.3 � 0.5 1.0 � 0.0 2.0 � 0.0

M 2.3 � 1.0 1.5 � 0.6 3.3 � 1.0 1.0 � 0.0 1.5 � 0.6 1.0 � 0.0 2.0 � 0.0

H 2.7 � 1.0 1.7 � 0.5 3.3 � 0.8 1.5 � 0.5 1.2 � 0.4 1.0 � 0.0 2.0 � 0.0

Penconazole

L 3.3 � 0.6 1.7 � 0.6 3.3 � 1.2 1.7 � 0.6 1.3 � 0.6 1.0 � 0.0 2.0 � 0.0

M 3.7 � 0.6 1.7 � 0.6 4.0 � 0.0 1.7 � 0.6 1.7 � 0.6 1.0 � 0.0 2.0 � 0.0

H 2.6 � 1.5 2.0 � 1.0 3.2 � 1.8 1.2 � 0.8 1.2 � 0.4 1.0 � 0.0 2.0 � 0.0

Propiconazole

L 2.7 � 1.5 1.7 � 1.2 3.3 � 2.1 1.3 � 0.6 1.3 � 0.6 1.0 � 0.0 2.0 � 0.0

M 2.8 � 0.4 1.4 � 0.5 2.6 � 1.1 1.2 � 0.4 1.2 � 0.4 1.0 � 0.0 2.0 � 0.0

H 3.3 � 0.5 1.5 � 0.6 2.5 � 1.7 1.8 � 0.5 1.0 � 0.0 1.0 � 0.0 2.0 � 0.0

All pesticide concentrate are 3.1E-5 M (low concentration, L), 6.2E-5 M (middle concentration, M), and 1.2E-4 M (high
concentration, H). Dimethyl sulfoxide, DMSO; 17ß-estradiol, E2; and triiodothyronine, T3. E2 and T3 concentrations: 1.2E-
4 M.

Table 5. Effect of treatment with triazole pesticides on some other developmental scores of rat embryo culture of day 10.5
for 48 hours.

Treatment Forelimb Hind
limb

Yolk sac
diameter (A)

(mm)

Yolk sac
diameter (B)

(mm)

Crown-rump
length (mm)

Head
length
(mm)

Developmental
score

DMSO 0.7 � 0.5 0.7 � 0.5 6.4 � 1.2 5.7 � 1.0 5.2 � 1.1 1.9 � 0.6 38 � 7

E2 0.8 � 0.5 0.8 � 0.5 6.6 � 1.4 5.2 � 1.7 4.4 � 1.4 2.2 � 0.7 38 � 8

T3 1.0 � 0.0 1.0 � 0.0 5.8 � 0.1 4.9 � 1.6 4.0 � 1.8 1.7 � 0.8 38 � 6

Triadimefon

L 0.5 � 0.6 0.8 � 0.5 4.8 � 1.0 4.8 � 0.6 4.9 � 0.4 1.7 � 0.3 40 � 3

M 0.5 � 0.6 1.0 � 0.0 5.0 � 0.7 5.0 � 0.7 5.4 � 1.0 1.9 � 0.3 38 � 2

H 0.7 � 0.5 0.8 � 0.4 4.7 � 0.9* 5.3 � 1.2 4.9 � 0.9 1.8 � 0.5 39 � 4

Penconazole

L 0.7 � 0.6 1.3 � 0.6 7.1 � 1.7 6.4 � 1.6 6.0 � 1.0 2.5 � 0.6 43 � 4

M 1.0 � 0.0 0.7 � 0.6 6.9 � 0.5 5.7 � 1.1 5.8 � 0.7 3.0 � 0.5 43 � 3

H 0.6 � 0.5 1.0 � 0.7 6.3 � 1.2 6.2 � 1.2 4.6 � 1.7 2.1 � 1.1 39 � 9
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4. Discussion

WEC was used to study the prenatal developmental toxicity induced by environmental
chemicals including phthalate and methoxyacetic acid [63, 64], aliphatic amides [65], and
triazole pesticides [66, 67]. In respect of the 3Rs principle of animal study, WEC is an alterna-
tive to screen the potential of prenatal developmental toxicity of environmental compounds.
Although ex vivo exposure of WEC was used limitedly without metabolisms of chemicals,
most chemicals exhibited their action by parent compound. In this study, we found that in
combination with IHC and WB, WEC will be a robust way to detect the endocrine-disrupting
activity induced by environmental chemicals. In this study, we used WEC to detect the impor-
tant receptors including AR, ERα, ERß, TRα, and TRß and enzyme aromatase activity poten-
tial induced by triadimefon, penconazole, and propiconazole. There is one shortcoming of
WEC to be addressed. Due to the small amount of embryo, WB is hard to quantify the proteins
of hormone receptors. The solution to the problem is to pool the embryo treated by one dose
and analyze it. Also, we knew that fortunately nowadays IHC quantification is available.
Finally, we concluded that in combination with IHC and WB, WEC will be a robust way to
detect EDCs in food.

5. Future work and recommendations

In order to meet the 3Rs including reduction, refine, and replace and precise risk assessment,
adverse outcome pathway (AOP) is extensively developed by OECD. By tier screening for
EDCs, the molecular initiating event (MIE), key event (KE), key event relationship (KER), and
adverse outcome (AO) will be studied. As the guideline stated, the AOP framework made
clear the mechanisms from MIE, KE, and KER to AO will meet the criteria of 3Rs of the animal
study and provide a quick and precise way to regulatory protection goals and decision-making.

Treatment Forelimb Hind
limb

Yolk sac
diameter (A)

(mm)

Yolk sac
diameter (B)

(mm)

Crown-rump
length (mm)

Head
length
(mm)

Developmental
score

Propiconazole

L 0.7 � 0.6 0.7 � 0.6 6.0 � 1.4 5.4 � 0.8 5.0 � 0.4 2.1 � 0.7 38 � 9

M 0.6 � 0.5 0.6 � 0.5 4.2 � 0.8* 4.5 � 1.0* 4.5 � 1.1 1.8 � 0.4 40 � 5

H 0.7 � 0.6 0.8 � 0.5 5.5 � 2.2 4.8 � 0.5 4.2 � 1.4 1.9 � 0.8 38 � 6

All pesticide concentrate are 3.1E-5 M (low concentration, L), 6.2E-5 M (middle concentration, M), and 1.2E-4 M (high
concentration, H). Dimethyl sulfoxide, DMSO; 17ß-estradiol, E2; and triiodothyronine, T3. E2 and T3 concentrations: 1.2E-
4 M.
*P < 0.05.

Table 6. Effect of co-treatment with triazole pesticides on developmental parameters and scores of rat embryo culture of
day 10.5 for 48 hours.
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Figure 1. The rat whole embryo culture.
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Figure 2. Effect of penconazole, propiconazole, and triadimefon on ERalpha activity in WEC.
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Figure 1. The rat whole embryo culture.
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Figure 2. Effect of penconazole, propiconazole, and triadimefon on ERalpha activity in WEC.
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Figure 3. Effect of penconazole, propiconazole, and triadimefon on ERbeta activity in WEC.
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Figure 4. Suggestion of flow chart for assessment of endocrine disrupters.
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Figure 4. Suggestion of flow chart for assessment of endocrine disrupters.
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The overall weight of evidence (WoE) and level of certainty underlying the inference and
extrapolation will in turn dictate the most suitable application of the AOP.

6. Diagram/schematic figure

The pragmatic strategy to detect EDA of xenobiotics in food is to take a tier screening. Figure 4
showed the suggestion of flow chart for assessment of endocrine disruptors. Basically rat
embryo culture could be the first screening method except for chemical structure-activity
relationship.

7. Conclusions

Penconazole, propiconazole, and triadimefon significantly induced the estrogen receptor
expressions. It seems that WEC can be used as a robust method of endocrine-disrupting
screening for estrogen receptors.
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