ACTA POLONIAE
PHARMACEUTICA

SSSSSSSSSSSSS

VOL. 72 No. 3 May/June 2015
Drug Research =




EDITOR
Aleksander P. Mazurek

National Medicines Institute, The Medical University of Warsaw

ASSISTANT EDITOR

Jacek Bojarski
Medical College, Jagiellonian University, Krakow

EXECUTIVE EDITORIAL BOARD

Mirostawa Furmanowa The Medical University of Warsaw

Bozenna Gutkowska The Medical University of Warsaw

Roman Kaliszan The Medical University of Gdafisk

Jan Pachecka The Medical University of Warsaw

Jan Pawlaczyk K. Marcinkowski University of Medical Sciences, Poznan
Janusz Pluta The Medical University of Wroctaw

Witold Wieniawski Polish Pharmaceutical Society, Warsaw

Pavel Komarek Czech Pharmaceutical Society

Henry Ostrowski-Meissner Charles Sturt University, Sydney

Erhard Roder Pharmazeutisches Institut der Universitit, Bonn
Phil Skolnick DOV Pharmaceutical, Inc.

Zoltan Vincze Semmelweis University of Medicine, Budapest

This Journal is published bimonthly by the Polish Pharmaceutical Society (Issued since 1937)

The paper version of the Publisher magazine is a prime version.
The electronic version can be found in the Internet on page
www.actapoloniaepharmaceutica.pl

An access to the journal in its electronics version is free of charge

Impact factor (2013): 0.693
MNiSW score (2013): 15 points
Index Copernicus (2012): 13.18

Charges

Annual subscription rate for 2015 is US $ 210 including postage and handling charges. Prices subject to change.

Back issues of previously published volumes are available directly from Polish Pharmaceutical Society, 16 Dtuga St.,
00-238 Warsaw, Poland.

Payment should be made either by banker’s draft (money order) issued to ,,PTFarm” or to our account Millennium S.A.
No. 29 1160 2202 0000 0000 2770 0281, Polskie Towarzystwo Farmaceutyczne, ul. Dfuga 16, 00-238 Warszawa, Poland,
with the memo Acta Poloniae Pharmaceutica - Drug Research.

Warunki prenumeraty

Czasopismo Acta Poloniae Pharmaceutica - Drug Research wydaje i kolportaz prowadzi Polskie Towarzystwo
Farmaceutyczne, ul. Dtuga 16, 00-238 Warszawa.
Cena prenumeraty krajowej za rocznik 2015 wynosi 207,90 zt (w tym 5% VAT). Prenumerate nalezy wptaca¢ w dowol-
nym banku lub Urzedzie Pocztowym na rachunek bankowy Wydawcy:

Millennium S.A.

29 1160 2202 0000 0000 2770 0281

Polskie Towarzystwo Farmaceutyczne

ul. Dtuga 16, 00-238 Warszawa
z dopiskiem: prenumerata Acta Poloniae Pharmaceutica - Drug Research.
Warunki prenumeraty zagranicznej - patrz tekst angielski.

Typeset by RADIUS, Warszawa; Printed by MCP, Marki



409.

423.

429.

439.

447.

455.

465.

475.

489.

497.

507.

517.

527.

539.

Acta Poloniae Pharmaceutica — Drug Research

Volume 72, Number 3 May/June 2015

CONTENTS

REVIEW

Witold Musiat, Janusz Pluta, Jifi Michalek Thermosensitive microgels of poly-N-isopropylacrylamide for
drug carriers - practical approach to synthesis.

ANALYSIS
Przemystaw Zalewski, Piotr Garbacki, Judyta Development and validation of the stability-indicating LC-UV
Cielecka-Piontek, Katarzyna Bednarek-Rajewska, method for determination of cefozopran hydrochloride.
Anna Krause
Elzbieta Kublin, Ewa Malanowicz, Barbara Development of chromatographic method for determination of
Kaczmarska-Graczyk, Krystyna Czerwinska, drugs reducimg cholesterol level - statins and ezetimibe.
Elzbieta Wyszomirska, Aleksander P. Mazurek
DRUG BIOCHEMISTRY
Matgorzata Ewertowska, Przemystaw L. Mikofajczak, Different response of antioxidant defense system to
Irena Okulicz-Kozaryn, Bogdan Stachecki, Marek Murias, acamprostate in ethanol-preferring and non-preferring rats.
Jadwiga Jodynis-Liebert
Dorota Wrzesniok, Artur Beberok, Michat Otreba, Impact of gentamicin on antioxidant enzymes activity in
Ewa Buszman HEMn-DP cells.
Tatjana Kastratovi¢, Slobodan Arsenijevic, Methotrexate and myotrexate induce apoptosis in human
Zoran Matovi¢, Marina Mitrovié, Ivana Nikoli¢, myoma fibroblasts (T hES cell line) via mitochondrial
Zoran Milosavljevié, Zoran Protrka, Marija Sorak , pathway.
Janko Duri¢
DRUG SYNTHESIS
Eman M.H. Morsy, Eman R. Kotb, Hanan A. Soliman, Synthesis and in vitro antimicrobial activity of novel series of
Hayam H. Sayyed, Nayira A.M. Abdelwahed 3,5-diacetylpyridine compounds.
Rasha S. Gouhar, Somaia S. Abd El-Karim, Mogedda Synthesis and antimicrobial evaluation of cyanopyridinyl
E. Haiba, Magdy I. El-Zahar, Ghada E.A. Awad tetrahydronaphthalene derivatives.
Marzanna Strupinska, Grazyna Rostafinska-Suchar, Synthesis and study of halogenated benzylamides of some
Elzbieta Pirianowicz-Chaber, Mateusz Grabczuk, isocyclic and heterocyclic acids as potential anticonvulsants.
Magdalena Jé6zwenko, Hubert Kowalczyk,
Joanna Szuba, Monika Wdjcicka, Tracy Chen,
Aleksander P. Mazurek
NATURAL DRUGS
Ahmed Elkirdasy, Saad Shousha, Abdulmohsen Hematological and immunobiochemical study of green tea and
H. Alrohaimi, M. Faiz Arshad ginger extracts in experimentally induced diabetic rabbits.
Tomasz Baj, Elwira Sieniawska, Radoslaw Kowalski, Effectiveness of the Deryng and Clevenger-type apparatus in
Marek Wesotowski, Beata Ulewicz-Magulska isolation of various types of components of essential oil from

the Mutelina purpurea Thell. flowers.

Anna Paulina Kowalczuk, Anna Lozak, Monika Kiljan, Application of chemometrics for identification of psychoactive
KrystynaMetrak, Jordan Konrad Zjawiony plants.

PHARMACEUTICAL TECHNOLOGY

Regina Kasperek, Lukasz Zimmer, Wojciech Jawien, Pharmacokinetics of diclofenac sodium and papaverine
Ewa Poleszak hydrochloride after oral administration of tablets to rabbits.
BarboraVranikova, Jan Gajdziok Evaluation of sorptive properties of various carriers and

coating materials for liquisolid systems.

APPHAX 72 (3) 407 - 626 (2015)



559.

569.

579.

587.

597.

607.

615.

625

Elzbieta Kuriata, Wiestaw Sawicki

Michael A. Odeniyi, Nasir K. Khan, Kok K. Peh

Marta Szekalska, Katarzyna Winnicka, Anna
Czajkowska-Kosnik, Katarzyna Sosnowska,
Aleksandra Amelian

Evaluation of cases with the usage of commercially available
tablets in the pediatric formula.

Release and mucoadhesion properties of diclofenac matrix
tablets from natural and synthetic polymer blends.

Evaluation of alginate microspheres with metronidazole
obtained by spray drying technique.

PHARMACOLOGY

Matgorzata Zygmunt, Grazyna Chioin-Rzepa,
Jacek Sapa

Ilona Kaczmarczyk-Sedlak, Maria Zych, Weronika
Wojnar, Ewa Ozimina-Kamiriska, Stawomir Dudek,
Natalia Chadata, Agnieszka Kachel

Beata DiomsSina

Muhammad Ashraf, Farah Abid, Sualeha Riffat,
Sajid Bashir, Javed Igbal, Muhammad Sarfraz,
Attia Afzal, Muhammad Zaheer

Saleha Sadeeqa, Azmi Sarriff, Imran Masood,
Muhammad Atif,,Maryam Farooqui

. Erratum

The effect of serotonin 5-HT,,, SHT, receptor ligands,
ketoprofen and their combination in models of induced pain
in mice.

Biochanin A shows no effect on skeletal system in
ovariectomized rats, when administered in moderate dose.

Clinical experience of long-term treatment with aripiprazol
(Abilify) in children and adolescents at the Child and
Adolescent Psychiatric Clinic 1 in Roskilde, Denmark.

GENERAL

Rationalized and complementary findings of silymarin (milk
thistle) in Pakistani healthy volunteers.

KAP among doctors regarding Halal pharmaceuticals across
sectional assessment.



Acta Poloniae Pharmaceutica — Drug Research, Vol. 72 No. 3 pp. 409-422,

2015

ISSN 0001-6837
Polish Pharmaceutical Society

REVIEW

THERMOSENSITIVE MICROGELS OF POLY-N-ISOPROPYLACRYLAMIDE
FOR DRUG CARRIERS — PRACTICAL APPROACH TO SYNTHESIS

WITOLD MUSIAL'*, JANUSZ PLUTA? and JIRI MICHALEK?

'Department of Physical Chemistry, > Department of Pharmaceutical Technology, Faculty of Pharmacy,
Wroclaw Medical University, Borowska 211, 50-556 Wroctaw, Poland
*Department of Polymer Gels, Institute of Macromolecular Chemistry, of the Academy of Sciences
of Czech Republic, Heyrovského ndm. 2, 162 06 Praha 6 — Bievnov, Czech Republic

Abstract: The aim of the work is to present the main actual information on the preparation of polymers, deriv-
atives of N-isopropylacrylamide, formed into microgels. The most often used comonomers, crosslinkers, and
initiator systems are gathered herein. The known methods of emulsion polymerization and precipitation poly-
merization are also described, including the application of the surfactants, as well as the surfactant free emul-
sion polymerization. Finally, the procedures of lab-scale production of microgel were evaluated in the paper,
with special intact on the thermosensitive N-isopropylacrylamide derivatives for application in biomedical

field.

Keywords: microgel, N-isopropylacrylamide, emulsion polymerization, precipitation polymerization

Microgels are typically defined as crosslinked
polymer particles dispersed in colloidal form in a
suitable medium, which usually is water. Due to the
presence of specific functional groups, depending
on the type of dispersion medium, they may be sub-
ject of extensive swelling (1). Sometimes, the
microgels are also referred to cross-linked latex par-
ticles that swell in water, and release water as a
result of changes in thermodynamic conditions, such
as the presence of different additional solvents, the
change in environmental temperature, pH or ionic
strength of the solution. In practice, the swelling
leads to significant hydration of the microgel parti-
cles. In this case, the macroscopic picture can be vir-
tually imperceptible with the naked eye. The parti-
cles classified in a number of scientific publications
as microgels vary in the terms of diameter, although
they are usually in the range from 1 nm to 10 um,
some authors accept a diameter range of 50-500 nm
for dried microgels. Hydrodynamic diameter of
microgels is the result of osmotic pressure on the
one hand. On the other hand, the elastic forces and
respective tension, present in the molecule, influ-
ence the diameter.

First study, confirming receipt of the microgel,
in accordance with generally accepted definition,

* Corresponding author: e-mail: witold.musial@umed.wroc.pl
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appeared more than 70 years ago in chemical jour-
nal printed in Berlin - Staudinger and Huseman pre-
sented the synthesis and properties of polystyrene
particles (2). Less than 15 years later, Baker intro-
duced the term “microgel” for cross-linked polymer
of butadiene and styrene (3). According to his
observation of the resulting polymer, in contrast to
previously manufactured, he found that microgels
are characterized by solubility of the corresponding
linear polymers in the sol state (4). In the late eight-
ies and in nineties, microgels based on N-isopropyl-
acrylamide (NIPA) have become extremely attrac-
tive subject of study by developing a simple and
efficient method for their preparation by Pelton and
Chibante (5). Schematic course of the synthesis of
poly-N-isopropylacrylamide (PNIPA) is shown in
Figure 1.

X

O NH

Figure 1. Scheme of PNIPA synthesis
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Poly-N-isopropylacrylamide is sometimes
referred to various acronyms, such as PNIPA,
PNIPAAm, PNIPAA, PNIPAm. It is a thermosensi-
tive polymer and through the application of
crosslinking agent forms a stable three-dimensional
structures, known as microgels or macrogels -
depending on the type of structures formed. Since
the critical phase transition temperature is around
32°C, in dilute solutions the expanded structure — so
called coil structure - is collapsing. It transforms into
a globular form when the temperature of the volume
phase transition temperature is achieved, as illustrat-
ed in Figure 2. In the course of water removal from
the area between the polymer chains, the loss of
nearly 90% of the particles mass occurs (6). When
the NIPA copolymer is applied intravenously, the
elimination of circulating NIPA copolymers by the
kidney is possible, if the molar mass of macromole-
cules does not exceed 32,000 g/mol (7).

Microgels synthesized using NIPA enjoy a
growing interest among specialists in drug form
technology, bioengineering and biocompatibile poly-
mers (8-10). This is due to the above mentioned fact
of removal large amounts of water from particles of
PNIPA, around Volume Phase Transition
Temperature (VPTT). Consequently, one can expect
the release of drug substance from the microgels of
PNIPA under the influence of the thermal factor.
Importantly, the VPTT is in the range of known
physiological temperatures, e.g., in the range of the
temperature of human skin surface. By modifying
the composition and structure of derivatives of NIPA
it is possible to obtain a number of macromolecules
with programmed VPTT in the water system. The
high compatibility of this group of polymers with the
tissues of the body is of extreme importance. It
involves not only the chemical properties of PNIPA.

The high water content in the macromolecule con-
tributes to high biocampatibility of forming micro-
gels. This fact enables the development of experi-
mental methods in the field of tissue engineering,
such as synthesis of resorbable implants and inter-
vertebral discs (11, 12). In addition, the PNIPA
microgels form very stable colloidal dispersions, are
relatively simple to prepare, and their functionaliza-
tion does not pose particular difficulties, assuming
suitable manner of reaction processing. The size of
the obtained particles can be well controlled, and the
polydispersity index is usually maintained at a suffi-
ciently low level. Through appropriate functionaliza-
tion, i.e., through the introduction of fixed function-
al groups, the obtained microgels become sensitive
to: the temperature factor, the factor of pH, or to
changes in ionic strength of the solution. The area of
potential applications of thermosensitive polymers is
currently being developed intensively (13).

Initiation systems, copolymers, crosslinking
agents

The first mention of the use of NIPA goes back
to the fifties of the twentieth century, when it was
tested due to potential repellent properties. Also the
first approaches to the synthesis of NIPA polymers
were done at that time. Preparation of PNIPA was
carried out in different ways, although only in cer-
tain cases, suitable microgels were obtained. The
straight chains of PNIPA were formed in the course
of free radical polymerization. In this case, the
organic solvents are used, such as methanol, ben-
zene, tetrahydrofuran, terr-butanol, dioxane, and
chloroform, with specific initiators: azo-bis-isobuty-
ronitrile, benzyl peroxide or lauryl peroxide.

Another way to obtain chains of PNIPA is a
process carried out using a redox initiator in aqueous

Figure 2. Depiction of volume phase transition of PNIPA microgel initiated by temperature increase in aqueous environment
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Table 1. Exemplification of reactants composition in surfactant free precipitation polymerization of PNIPA.

Reactant type Reactant Acronyms
Initiator Ammonium persulfate APS
Accelerator N,N,N’,N’-tetramethylethane-1,2-diamine TEMED, TMED
Monomer N-isopropylacrylamide NIPA, NIPAA, NIPAAc
Crosslinker N,N’-methylene-bis-acrylamide MBA, MBAm, BIS
Reaction environment Aqueous
Temperature 70°C

medium. The reaction is initiated using the appro-
priate initiator, usually: ammonium persulfate
(APS), potassium persulfate (KPS) and sodium per-
sulfate (NPS). As the initiator is sometimes also
used azo-bis-isobutyronitrile (AIBN). Each of the
initiator molecules, resulting in activation, may
become the center of the polymerization. The spher-
ical structures are formed around polymerization
centers. They are treated in the bibliography as solid
particles, dispersed in the aqueous phase. However,
the resulting material is in varying degree filled with
water, and connected in the areas of polymer where
the hydrophilic functional groups exist. Increased
temperature in the course of synthesis affects the
isolation of the polymer phase with low water con-
tent from the external aqueous phase. This phenom-
enon manifests itself in turbidity or opalescence
when the macroscopic view of the reaction mixture
is observed.

The formation of hydrogels as nano- or
microstructures was evaluated by numerous authors,
whereas Dusek developed in details the problem of
so called microsyneresis; in the case of NIPA
increased temperature plays important role in micro-
gel formation around the polymerization centers
(14-16). The concentration of the initiator is also
crucial for the properties of the resulting polymer.
According to research of Xiao, with increasing con-
centration of initiator - APS in the reaction mixture,
the ability of the polymer to swell increased (17).
Table 1 presents the sample composition of the ini-
tial reaction mixture used to obtain microgels of
PNIPA.

Free radicals derived from initiator are dis-
solved in water, and they remain in the solution,
hence the initial reaction site is an aqueous solution,
as presented in Figure 3 in stage I. As time passes,
the oligomer chains with ionized groups are form-
ing, coming from the initiator molecule. The result-
ing oligomers are amphiphilic, due to the presence
of the hydrophilic ionic group and the lipophilic

chain of the resulting polymer - Phase II. This leads
over time to a micellar structures - Phase III, soon
saturated with a solution of monomer (stage IV); at
this point the reaction site is situated within the
micelles, resulting in larger particles with time
(stage V), which are stabilized by implementing an
appropriate crosslinking agent. The hydrophilic
groups are forming outer layer of the micelles. Due
to the surface charge, the mutual repulsions stabilize
the resulting colloid. Addition of electrolyte in the
course of the reaction, such as sodium chloride,
favors the formation of larger colloidal particles. It
is caused by a reduction of repulsive forces between
particles.

The main factor, used for initiation of the poly-
merization reaction is the temperature increase, but
also visible light, ultraviolet radiation or X-ray irra-
diation are used (18). To ensure consistent molecu-
lar weight of macromolecules obtained in the course
of the polymerization initiated in redox conditions,
proper pH of the reaction mixture should be kept,
using e.g., complex buffers in the pH range 6.5 or
7.4 (19). In order to accelerate the reaction it is nec-
essary to supplement the accelerator, such as
N,N,N’,N’-tetramethylethane-1,2-diamine (tetra-
methylethylenediamine, TEMED), or sodium
metabisulfite (sodium pyrosulfite). PNIPA, a linear
polymer, was first comprehensively described by
Howard G. Schild from Research Division of
Polaroid Corporation in the early nineties of the last
century (20).

In order to obtain a microgel it is necessary to
ensure proper composition of the mixture of sub-
strates, including the main monomer, comonomer,
crosslinker, initiator system, and in some cases sur-
factant. Polymerization carried out in one reactor,
the so called “batch-synthesis”, requires the selec-
tion of such components, in which the individual
components will react with each other with similar
rate. The rate of reaction of individual comonomers
affects the final composition of the resulting poly-
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mer, according to the Mayo-Lewis equation (21).
The compositions used for the receipt of the micro-
gel are extremely diverse and include NIPA, the
above mentioned ingredients and comonomers, e.g.,
acrylic acid (22), methacrylic acid and fumaric acid
(23), acryl amide (24), maleic acid (25), hydroxy-
ethyl methacrylate, N-vinylpyrrolidone (26), or N-
tert-butylacrylamide (27, 28). The copolymers are
usually used to obtain specific properties of the
microgel. Introduction of anionic functional groups
to the microgel can be achieved by applying suitable
copolymers: unsaturated monocarboxylic or dicar-
boxylic acids, such as the above-mentioned acrylic
acid, methacrylic acid and pentenoic acid (29).
Table 2, prepared on the basis of Rzaev et al. work
(30), summarizes selected comonomers used for the
preparation of functionalized microgels.

Production of a stable microgel is essentially
conditioned by a suitable crosslinking agent. The
most commonly used crosslinking agents, and per-
haps with the longest tradition of use in studies of
microgels, is N,N’-methylene-bis-acrylamide (31-
34). However, there are also used another crosslink-
ers. In previously conducted studies, special atten-

tion was paid to influence of the content of the
crosslinking agent on physicochemical properties of
the resulting polymer. We also evaluated the imple-
mentation of the crosslinking agent to the polymer
particles (35). Among the crosslinking agents N,N’-
bis-cystaminoacrylamide is applied in the synthesis
(36, 37). It was observed that with increasing con-
tent of crosslinking agent increases the phase transi-
tion temperature, although the course of the hydro-
dynamic diameter changes as a function of increas-
ing temperature is much milder and the phase tran-
sition point is less well visualized (38).

Between various known crosslinkers, bifunc-
tional derivatives of polyethylene glycol are used, as
factors affecting the morphology and thermosensi-
tivity of PNIPA microgels (39). For controlled
delivery of insulin, the PNIPA derivative microgels
were synthesized with polyethylene glycol 400 -
dimethacrylate derivative crosslinker (40, 41).
Derivatives of NIPA in solution of chitosan were
synthesized with the addition of ethylene glycol
diacrylate which comprised four glycol units in the
chain. It led to the formation of a thermosensitive
gel (42). The use of ethylene glycol diacrylate with

Table 2. Choice of comonomers applied in the synthesis of copolymers of NIPA.

Group of comonomers

Examples of comonomers

Comonomers with acidic groups

Acrylic acid

Methacrylic acid

4-Pentenoic acid

2-Acrylamido-2-methyl-1-propenesulfonic acid

2-(Dimethylmaleimido)-N-ethylacrylamide

Maleic anhydride

Itaconic anhydride

4-Vinylphenylboronic acid

DNA

Acrylamide type comonomers

Acrylamide

Acrylonitrile

2-(Dimethylamine)propylmethacrylamide

N-[3-(dimethylamine)propyl]methacrylamide

2-(Dimethylmaleimido)-N-ethylacrylamide

N-tert-butylacrylamide

N-butylacrylamide

Heterocyclic comonomers

N-vinyl-2-pyrrolidone

4-Acryloyl-morpholine

1-Vinylimidazole

2-Methacryloylamidohistidine

N-acryloylpyrrolidine
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Figure 3. The changes of the locus of synthesis in the course of SFDP of NIPA derivatives, details in the text

O O
\/\N/\N >
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Figure 4. Crosslinking agents with varied chain length: N,N’-
methylene-bis-acrylamide, glycol polyoxyethylene dimethacry-
late, glycol polyoxyethylene diacrylate, respectively

one (ethylene glycol dimethacrylate, EGDMA), and
three ethylene segments (triethylene glycol
dimethacrylate, TEGDMA), resulted in micros-
pheres with a diameter of 356 and 444 nm, respec-
tively (43). In studies of crosslinking agents with
different solubility in water, such as tetraethylene
glycol dimethacrylate (TETGDMA), ethylene gly-

col dimethacrylate (EGDMA), dimethacrylate
butanediol-1,3 (1,3-BDDMA), and 1,4-BDDMA the
increase of solubility was accompanied by increased
hydrodynamic diameter of the microgels obtained.
However, the VPTT remained unchanged (44). To
obtain submicron microgel some authors used glyc-
erol dimethacrylate (GDMA), pentaerythritol tri-
acrylate (PETA) and its propoxy derivative: pen-
taerythritol triacrylate propoxylate (PEPT) - in the
case of crosslinking agents with the three acrylic
functionals, microgels with low diameter were
obtained, whereas in the case of crosslinkers with
two acrylic functionals higher diameters were
observed (45). Due to the possibility of handling
crosslinking agents with diversified polyoxyethyl-
ene chain lengths within diacrylate and dimethacry-
late derivatives, they are examined in the context of
the controlled release of therapeutic substances (46).
Figure 4 shows examples of crosslinking agents of
different chain lengths.

Erbil et al. proposed the acrylated poly(dimeth-
yl)siloxane (47). This resulted in a change in the
VPTT, compared with NIPA polymer obtained from
conventional crosslinking agent - N,N’-methylene-bis-
acrylamide. More sophisticated methods include the
use of biodegradable crosslinking agents, such as ACL
- 3,9-divinyl-2,4,8,10-tetraoxaspiro[5.5Jundekane
(acid-degradable crosslinking agent) (48). Efforts are
also attempted to synthesize microgel of PNIPA with-
out the addition of crosslinking agent (49).
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The course of the reaction

A key element in the course of the synthesis of
microgels of PNIPA is that the NIPA is soluble in
water. Along with changes in temperature also the
changes in the solubility are observed, as demonstrat-
ed in studies using nuclear magnetic resonance.
Concentrated solution of NIPA delaminates, at tem-
peratures below 25°C, as the concentration excess the
standard solubility of NIPA, while above 25°C the
solubility is lower than the standard NIPA solubility
value (50). In contrast to NIPA, its polymer is insolu-
ble in water. However, it is true only at temperatures
above the VPTT. Thus, the polymer particles are sep-
arating from the solution and in the course of poly-
merization the turbidity or iridescence of the reaction
mixture is observed in the process of surfactant free
precipitation polymerization (SFPP) or surfactant free
emulsion polymerization (SFEP) (51).

Preparation of microgels is usually conducted
by one of the three currently mostly available meth-
ods: by means of emulsion polymerization (EP), by

WITOLD MUSIAL et al.

precipitation polymerization (PP), and in the process
of inverse emulsion polymerization (IEP). The
monomer in the system remains in the form of
drops, in the course of the EP reaction. In classical
terms, during the EP three phases are distinguished:
an aqueous phase, submicron particles of polymer,
and monomer droplets. The polymerization process
is supplied from the monomer droplets dispersed in
the form of an emulsion in an aqueous medium, and
an example of such a polymerization reaction is the
formation of polystyrene. Simplified diagrams of EP
and PP are shown in Figure 5A and 5B.

The aqueous phase (W) is constituted by dis-
solved initiator, while the monomer (M) is dispersed
with the use of suitable surface active compound
(surfactant-stabilized monomer droplets are shown
as circles circled with dashed line). The arrow indi-
cates the direction of migration of the monomer
molecules to macromolecules of resulting polymer
indicated in Figure 5A as a black dot. In the case of
microemulsion polymerization, the droplets of
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Figure 5. The scheme of EP (left panel — A) and PP (right panel — B), details in text

Table 3. Acronyms of methods evaluated for synthesis of PNIPA derivatives.

Method Acronym
Emulsion polymerization EP
Miniemulsion polymerization MEP
Inverse emulsion polymerization IEP
Surfactant free emulsion polymerization SFEP
Precipitation polymerization PP
Surfactant free precipitation polymerization SFPP
Dispertion polymerization DP
Surfactant free dispertion polymerization SFDP
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Figure 6. SEM images of NIPA derivatives, synthesized in similar conditions. The batch of microgels with higher diameter (left panel — I)
was synthesized without comonomer, whereas the batch with lower diameter was synthesized with N-ferr-butyl acrylamide as comonomer

(right panel — II), details in text

monomer are characterized by very small radius of
several nanometers, and this is the right place for
polymerization. PP bases on the fact of precipitation
of insoluble polymer obtained by polymerization of
a monomer soluble in water - Figure 5B. Evaluated
methods with its variations and respective acronyms
are gathered in Table 3.

In the course of EP, suitable emulsifier can be
used. But in some cases, the components of the reac-
tion mixture may be maintained in the dispersed
phase without adding any surfactant. In this case, we
are talking about EP without surfactant i.e., SFEP.
For the synthesis of PNIPA, the terms SFEP or
SFPP are used in bibliography. This second defini-
tion better reflects the process, because as men-
tioned earlier, the monomer, NIPA, in contrast to
styrene, is soluble in water and the resulting poly-
mer is water insoluble. IEP bases on the phenome-
non of polymer synthesis of monomer dissolved in
the aqueous phase, which in turn is dispersed in a
continuous oil phase. The advantage of this method
is the possibility of incorporation of water-soluble
therapeutic substances or bioactives dispersed in
water, to the particles obtained in the polymerization
process. Group of such methods is also referred to as
the miniemulsion polymerization (MEP), although
there are some differences here in relation to the
IEP. Consequently, we can distinguish reversed sus-
pension polymerization, in which monomer is sus-
pended in the droplets of aqueous phase dispersed in
the oil phase. Another way is to obtain microgels via
microemulsion polymerization. Lin and colleagues
conducted a comparison of methods for the poly-
merization of NIPA. According to the results of their
work, they received the smallest diameter of the
microgels using EP, the intermediate values were
observed in the case of SFEP, while the relatively

large microgels were obtained by polymerization at
a temperature not exceeding 25°C (52).

The use of surfactants usually affects the deter-
mined average diameter of the microgel. The diam-
eters are in this case at a lower level than in the tech-
niques without the use of surfactant. At the two
opposite poles, in terms of size of particles obtained,
are the microgels obtained by polymerization
through the reverse microemulsion polymerization
and through EP - in the case of the former the syn-
thesized microgels are of 100 nm, and the monomer
droplets are of diameter up to 10 nm. In the case of
EP, the particle size is of about 10 um. In the case of
EP, drops can have a diameter between 10-100
microns, and in MEP the magnitude of initial
monomer droplet is 30-500 nm (53). The emulsifiers
used in the manufacture of microemulsions include:
dodecyltrimethyl ammonium bromide and cetyltri-
methyl ammonium bromide as examples of cationic
emulsifiers, whereas the anionic emulsifiers are e.g.:
1,4-bis (2-ethylhexyl) sulfosuccinate sodium and
sodium lauryl sulfate (54).

Emulsion polymerization without surfactant
Many authors classify methods SFPP and
SFEP as polymerization by homogeneous nucle-
ation. This means that the monomer is dissolved in
a suitable solvent. As a result of the polymerization
process, the polymer centers are formed, around
which are growing polymer macromolecules.
PNIPA, as insoluble in water, is precipitating in the
course of the reaction, so the turbidity or opales-
cence is observed in the previously transparent sys-
tem. Typically, in the reaction system all the reac-
tants are present, except the initiator system. The
introduction of the initiator initiates the sequence in
which oligomers are formed, and then unstable pre-
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cursor particles. Their aggregation leads to the for-
mation of colloidally stable primary particles with
unified sizes. The further course of the reaction
affects the polydispersity. The polydispersity index
increases as a result of aggregation of primary parti-
cles. This method may be developed to the, so
called, seeding polymerization, which will play a
role in synthesis in more sophisticated core poly-
meric structures, such as microgels with shell - core-
shell microgels (55). SFEP method is successfully
used for the preparation of microgels with positive-
ly charged surface - cationic microgels based on
NIPA and 4-vinylpyridine (56). EP is subjected to
numerous modifications, including the “semi-batch”
process. In that case the reactants are added to the
reaction mixture in portions - as demonstrated by
Zhang et al. They obtained NIPA copolymer using
the modified method, and resulting microgels were
characterized by a lower diameter, while the poly-
dispersity index was dependent on nucleation time
(57). Fernandez and colleagues, in the course of
polymerization of microemulsion particles, obtained
PNIPA with a diameter of 30 nm using a system of
benzyl peroxide initiator and TEMED (58). In
Figure 6, there are images from scanning electron
microscopy (SEM), of microgels from two batches
of different PNIPA derivatives synthesized in the
same SFEP conditions. The only difference includes
the addition to the reactant mixture a lipophilic
comonomer - N-fert-butylacrylamide. The resulting
structures are smaller and more homogenous when
additional lipophilic comonomer is applied (27).

Emulsion polymerization and precipitation poly-
merization using a surfactant

The use of an emulsifier, in concentrations
exceeding the critical micellar concentration, allows
the stabilization of primary particles. This mecha-
nism enables generally to obtain particle sizes lower
than in the SFEP. The surfactant is binding to the
surface of primary particles and protects them
against aggregation with other particles in the sys-
tem. There are several interesting studies on the
preparation of the polymers of NIPA by precipita-
tion method (59). In one study, authors used non-
ionic surfactant Triton X-405, and in effect the
microspheres were pH-sensitive and changed the
structure due to the varied magnetic field — with pos-
sible application in the columns for the fractionation
of DNA (60). In a similar manner the synthesis was
carried out for copolymer of NIPA and acrylic acid
with 2-acrylamide-deoxyglucose, in order to obtain
microspheres of approximately 100 nm loaded with
glucosamine (61).

Inverse emulsion polymerization

In the IEP particles are prepared from pre-gel,
i.e., from droplets of a solution of monomer suitable
for polymerization. The solution is dispersed in the
oil phase. As a result, in the course of the reaction in
aqueous phase, homogeneous microgels and aggre-
gates of numerous microparticles smaller than the
diameter of the emulsion droplets may be formed.
An example of this type of polymerization is pro-
duction of thermosensitive NIPA microgels, sensi-
tive to an additional factor - the pH. Dowding et al.
(62) applied here heptane as the continuous phase,
while the NIPA was in the dispersed phase with
MBA as a crosslinking agent. In IEP performed by
Zhang et al., the microspheres were synthesized
from NIPA, which enabled controlled release of
ibuprofen (63). In the course of reverse MEP, the
PNIPA was synthesized with the cobalt tetrafluo-
roborate as a soft template (64).

Dispersion polymerization

Dispersion polymerization (DP) may be con-
sidered as an interesting alternative to previously
mentioned polymerization methods that affords
micron-size monodisperse particles, using a single
batch process. The DP is a type of PP in which the
polymerization is performed from a monomer in the
presence of a suitable polymeric stabilizer soluble
in the reaction medium. Both the monomer and the
polymeric stabilizer should be easily soluble in the
applied solvent, whereas the formed polymer must
be insoluble in the medium, usually an organic sol-
vent. Initially, the system consists of a homoge-
neous solution of monomer with initiator and dis-
persant. The progression of the process leads to for-
mation of sterically stabilized polymer particles by
the precipitation of the resulting polymer. Due to
the increase of monomer conversion rate, the prop-
erties of the solvent evolve. Finally, the obtained
polymer particles can achieve diameter of 0.1-15
mm, and high monodispersity. Dispersant polymer
may play a role as a reactive, polymerizable
macromonomer. The course of the reaction may
involve a block copolymer with specific affinity to
the surface of the precipitated polymer, as efficient
dispersant. Also application of a soluble polymer
called “stabilizer precursor” with grafting feature is
possible. In DP the dispersant polymer with hairy
layer is a crucial factor in the process, due to the
specific adsorption or incorporation onto the sur-
face of the polymer particles obtained by PP. The
type of dispersant polymer controls the stability of
the colloidal system, and influences particle size of
formed objects (65, 66). Lee et al. synthesized
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crosslinked copolymer of NIPA and chitosan, using
DP. They applied the anionic initiator APS and the
cationic initiator AIBA. The homogeneous mor-
phology was obtained in the case of APS, whereas
the copolymer particles synthesized with AIBA as
the initiator presented a core—shell morphology
(67). Interesting structures were obtained by Akashi
et al. (68), who applied as a dispersant polymer -
PNIPA macromonomer 18 in ethanol, and synthe-
sized thermosensitive microspheres 0.4—1.2 mm in
diameter consisting of a polystyrene core, and
PNIPA branches on the core surface. Also the mag-
netic microspheres of PNIPA were synthesized by
the DP method; obtained particles were sensitive to
the magnetic field and shrunk into an increasingly
collapsed state at ca. 40°C (69).

Suspension polymerization

Within the process of suspension polymeriza-
tion the monomer, relatively insoluble in water, is
dispersed in the form of liquid droplets, with addi-
tion of steric stabilizer. The vigorous stirring during
the course of polymerization process enables pro-
duction of polymer particles which are maintained
in the liquid phase, however, the dispersed particles
form a dispersed solid phase. The initiators must be
soluble in the liquid monomer phase. Parallel terms:
pearl and bead polymerization are simultaneously
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applied for the description of the suspension poly-
merization process, in the case of production of non-
porous particles. The main target in suspension
polymerization is to elicit uniform dispersion of
monomer droplets in the liquid - aqueous phase,
succeeded by precise coalescence of the droplets in
the polymerization course. Several factors influence
the uniformity and size of obtained polymeric
forms: the interfacial tension, the agitation and the
type of the reactor device. The synthesized poly-
meric forms usually reach the range of 10 um to 5
mm in diameter. Application of suspending agents
results in reduction of the coalescence of monomer
droplets, and in the reduction of the adjacency of
nascent particles. This leads to high uniformity of
the dispersion of synthesized polymer. For some
polar monomers, e.g., acrylic acid, the dispersing
medium should be non-polar. The paraffin oils are
applied in this case. The isolation of obtained parti-
cles is possible by filtration or sedimentation, espe-
cially when the beads diameter does not exceed 10
wm (70, 71). Within the process, a so called stable
state is ultimately reached, in which individual
drops maintain their size over prolonged periods of
time. In some cases the initially low-viscous solu-
tion of liquid monomer is transformed progressively
into a viscous dispersion of polymer in monomer
solution; finally solid particles are observed (72).

Table 4. Choice of bibliography dealing with NIPA derivatives applied in research which aimed controlled or targeted drug delivery.

Pharmacological group Bioactive substance Application route Ref.
ABA Chlorhexidine topical (75)
Lysozyme topical (76)

Ofloxacin parenteral 77)

CVA Fluvastatin stent platform (78)
Nifedipine topical 79)

Propranolol topical (80)

Caffeine topical 81)

ACA Doxorubicin parenteral (82)
Doxorubicin parenteral (83)

5-Fluorouracil topical (84)

5-Fluorouracil parenteral (85)

LA Procaine topical (86)
Lidocaine topical 87)

Bupivacaine parenteral (88)

NSAID’s Diclofenac topical (89)
Naproxen topical (90)

ABA - antibacterial agents; CVA - cardiovascular agents; ACA - anticancer agents; LA - local anestetics; NSAID’s - non-steroidal antiin-

flammatory drugs
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Zhou et al. gave a detailed prescription, con-
sidering the suspension polymerization of PNIPAM
microgel particles (73). The NIPAM, BIS, and sodi-
um dodecyl sulfate (SDS) were dissolved in deion-
ized water, heated to 70°C and stirred at 200 rpm for
40 min with a nitrogen purge to remove oxygen.
After nitrogen purge, the KPS dissolved in deion-
ized water was added to initiate the polymerization.
The reactant mixture was mixed at 1000 rpm for 4 h.
The SDS was removed by centrifugation cycles with
decantations and dispersions in deionized water, and
concentrated with the use of centrifuge. Thermo-
responsive macroporous poly(acrylamide-co-NIPA)
microgels were synthesized by inversion suspension
polymerization by Hao et al (74). The microgels
possessed large surface area, which is promising
factor for future applications in the area of drug
delivery.

Approach to practical applications of NIPA deriv-
atives in drug delivery

Numerous publications consider the topic of
controlled or targeted drug delivery, by the use of
thermosensitive polymeric carriers — nanospheres or
microspheres synthesized from the main monomer
NIPA, and respective comonomers. In Table 4, we
present a choice of bibliography dealing with NIPA
derivatives synthesized in the form of microgel,
applied in research which aimed controlled or tar-
geted drug delivery. The reviewed bibliography
covers choice of original papers published in last
two years in the considered area.

Due to the data presented in Table 4, the NIPA
derivatives were synthesized to obtain parenteral or
topical carriers for numerous drug moieties: anti-
bacterial agents (ABA), cardiovascular agents
(CVA), anticancer agents (ACA), local anestetics
(LA), non-steroidal antiinflammatory drugs
(NSAID). The simple and efficient method of sur-
factant-free DP was applied for synthesis of micro-
gels loaded by chlorhexidine for topical drug deliv-
ery, where the temperature change was the factor
influencing drug release (75). Similarly, topical
application of lysozyme was proposed with the use
of copolymer of carboxymethylcellulose (CMC)
and NIPA — the synthesis based on decorating the
backbone of CMC with linear chains of NIPA (76).
Another antibacterial agent, ofloxacine, was incor-
ported into NIPA crosslinked by acrylate terminat-
ed poly(L-lactic acid)-b-poly(ethylene glycol)-
poly(L-lactic acid) (77).

In several cases CVA were loaded to the sys-
tems which consisted of NIPA derivatives. The
process of DP was used to obtain matrix/microgel

copolymer system for application of fluvastatin in
the form of stent platform (78). Nifedipine, potent
inhibitor of calcium channels was introduced into
poly(2-acrylamido-2-methylpropanesulfonic acid)
synthesized by single-spinneret electrospinning
technique (79). Propranolol hydrochloride was com-
bined with polyampholite N-isopropylacrylamide-
based hydrogels copolymerized with acrylic acid
and N-(3-aminopropyl)methacrylamide; the process
of polymerization was performed via free radical
polymerization using NIPA and cross-linker BIS in
dimethyl sulfoxide (80) Caffeine, an agent applied
both for cardiovascular system, as well as topical
agent for skin imperfections was loaded to semi-
telechelic poly(tert-butyl methacrylate)-b-PNIPAAm
brush-like polymers — the synthetic approach includ-
ed complex method with chain transfer agent (81).
One of the rising branches in the field of drug
micro- and nanoforms is development of potential
carriers for targeted and controlled delivery of ACA.
Doxorubicin with folic acid were implemented into
the PNIPA-acrylamide-allylamine coated magnetic
nanoparticles, which are presumed for parenteral
application (82). In another approach, doxorubicin
was loaded to thermo and pH dual responsive, poly-
mer shell coated, magnetic mesoporous silica
nanoparticles, obtained via PP (83). Nanogel of
PNIPAM-co-chlorophyllin was synthesized by
SFEP, and applied for the development of topically
applied 5-fluorouracil (84). The targeted delivery of
5-fluorouracil was also studied in folate-targeted
poly[(p-nitrophenyl acrylate)-co-(NIPA)] nanohy-
drogel, polymerized in the process of PP (85).
There is some information on the use of micro-
gels synthesized via SFEP or PP for the controlled
topical delivery of LA — procaine (86) and lidocaine
(87). One study involved complex problem of par-
enteral application of acrylic acid-functionalized
microgels loaded by bupivacaine (88). Behind the
LA also the NSAID’s are studied for topical appli-
cations. Diclofenac diethyl ammonium was embed-
ded into system, which based on sodium methacry-
late and NIPA, as hydrophilic/pH-sensitive and
thermo-responsive monomers, and on methacrylate
bovine serum albumin as cross-linker (89).
Naproxen sodium release was studied from 4-
vinylpyridine-based smart nanoparticles synthesized
with NIPA, 2-hydroxyethyl methacrylate, and
acrylic acid, obtained in the process of PP in the
presence of shell-forming monomers (90). In one
study, 5-aminolevulinic acid for topical application
was implemented to PNIPA-co-acrylic acid micro-
gel; the microgel was synthesized via microemul-
sion polymerization in oil-in-water system (91).
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Figure 7. Synthesis set for preparation of NIPA microgels, with
magnetic stirrer and feed-back control of temperature (M), cooler
(C) and nitrogen inlet (N,)

Several works dealt with the influence of newly
synthesized NIPA derivatives on the release of model
particles: dyes or aromatic model drugs; in some
cases the dyes were introduced to reflect the structure
of obtained polymer system. Interesting approach to
the synthesis of drug carrier was presented by Wynter
et al., who proposed microfluidic synthesis for pro-
duction of copolymer in a form of monodisperse
microgels, using so called co-flow glass capillary
device for making single emulsion droplets of 25 —
100 um in diameter (92). Detailed NMR study of
influence of temperature on the release of five model
drugs: salicylaldehyde, m-hydroxybenzaldehyde, eth-
ylvanillin, 3,4-dimethoxybenzaldehyde and p-
hydroxybenzaldehyde from beads synthesized via PP
was described by Hofmann and Schonhoff (93).
Fluorescein-labeled dextran was used in the study of
magnetic composite with obtained by surfactant-free
DP (94). Single fluorescein sodium salt was intro-
duced to poly(acrylonitrile-co-NIPA) core—shell
nanoparticles, obtained in a complex procedure with
amidoximation and quaternization of the shell materi-
al (95). In another study, polyvinyl alcohol (PVA)
matrix with nanosized pores was obtained by treat-
ment with silica and glutaraldehyde; afterwards, the
internal pores of the dry PVA matrix were filled with
PNIPA, and the rhodamine B dye was used for visu-
alization of the release process (96). Microfluidic
generation of organic/aqueous/organic double emul-

sions and subsequent photopolymerization of the
monomer residing in the aqueous phase of the
droplets resulted in fabrication of PNIPA microgels
containing hexadecane droplets: the system was
investigated using hydrophobic dye 7-diethylamino-
3,4-benzophenoxazine-2-one i.e., Nile Red, and
hydrophilic dye 4’,6-diamidino-2-phenylindole, to
assess the characteristics of the obtained NIPA deriv-
ative system (97). Microgel beads of PNIPA-co-
acrylic acid copolymer obtained by PP were studied
by loading with fluorescent dye — FITC (98).

The synthesis of NIPA microgel is determined
by the use or proper composition of reactants, and
respective conditions of the reaction. The system
usually consists of a glass reactor with a lid for the
introduction of substrates to the reaction mixture
and to control the course of synthesis. The con-
trolled steps of the procedure include the fixed reac-
tion temperature conditions, the appropriate
sequence of the substrates, the isolation of the sys-
tem from the influence of atmospheric oxygen, and
the speed and method of stirring. Sample set for the
synthesis of PNIPA microgels is shown in Figure 7.

New approaches to synthesis of NIPAM deriv-
atives involve synthesis of cross-linked poly(N-iso-
propylacrylamide) microparticles in supercritical
carbon dioxide (99).

SUMMARY

NIPA is a substrate for the synthesis of the cor-
responding copolymers with different properties and
numerous possible applications in drug dosage form
technology and in various branches of medicine.
Synthesis of NIPA copolymers takes place mainly
as a free radical process. In order to obtain microgels
with the desired properties, the relevant systems, ini-
tiators and accelerators, as well as the specific
comonomers and crosslinking agents must be
arranged. This procedure allows one to transmit an
appropriate charge to microgel surface or to main-
tain planned hydrophilic or lipophilic properties of
the microgel. An important factor influencing the
particle size obtained in the course of emulsion
polymerization, is application of a surfactant. Also
precipitation polymerization is often used, which
therefore does not consume any surfactant. There
are numerous modifications of the emulsion poly-
merization and they are still under development.
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DEVELOPMENT AND VALIDATION OF THE STABILITY-INDICATING
LC-UV METHOD FOR DETERMINATION
OF CEFOZOPRAN HYDROCHLORIDE
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Abstract: The stability-indicating LC assay method was developed and validated for quantitative determina-
tion of cefozopran hydrochloride (CZH) in the presence of degradation products formed during the forced
degradation studies. An isocratic, RP-HPLC method was developed with C-18 (250 mm x 4.6 mm, 5 pm) col-
umn and 12 mM ammonium acetate-acetonitrile (92 : 8, v/v) as a mobile phase. The flow rate of the mobile
phase was 1.0 mL/min. Detection wavelength was 260 nm and temperature was 30°C. Cefozopran hydrochlo-
ride as other cephalosporins was subjected to stress conditions of degradation in aqueous solutions including
hydrolysis, oxidation, photolysis and thermal degradation. The developed method was validated with regard to
linearity, accuracy, precision, selectivity and robustness. The method was applied successfully for identifica-
tion and determination of cefozopran hydrochloride in pharmaceuticals and during kinetic studies.

Keywords: method validation, stability-indicating method, cefozopran hydrochloride

Cefozopran hydrochloride (Fig. 1) is a new,
parenteral, fourth generation cephalosporin original-
ly created by Takeda Chemical Industries. It was
first registered for treatment in Japan in 1995. CZH
has a broad spectrum of antibacterial activity against
Gram positive such as Staphylococcus aureus and
Gram negative bacteria including Escherichia coli
and Pseudomonas aeruginosa (1). It is stable against
various B-lactamases and has low affinities to these
enzymes (2). Cefozopran hydrochloride contains
imidazopyridazinium methyl group at position 3,
while in position 7 it is aminothiadiazomethoxyimi-
noacetylamino structure (Fig. 1). Those elements are
responsible for broad spectrum of antibacterial
activity of CZH. It is often used for antibacterial
prophylaxis in abdominal surgery and for treatment
of post-operative intra-abdominal infections (IAls)
(3, 4). Its recommended dose is only 2 g per day (1
g every 12 h) because of its impact on healthcare
costs, and up to 4 g per day considered only for crit-
ically ill patients. In view of its good stability in

solution, 1-2 g cefozopran dissolved in 100 mL
saline could be infused for 1 h every 8 h (5). Its
excretion rate into urine up to 24 h after administra-
tion is 82-94% and no active anti-microbial metabo-
lite is observed in urine (6-9). CZH is well tolerated
and most of adverse effects after its administration
were of a mild or moderate severity, were of short
period, improved spontaneously, and recovered
completely (9). Since the majority of the side effects
of B-lactam antibiotics are caused by their degrada-

HoN

Figure 1. Chemical structure of cefozopran hydrochloride
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tion products, it is vital to improve analytical meth-
ods for the determination of [B-lactam analogues.
Previous studies have proved that cephalosporins
are susceptible to degradation in aqueous solutions
(10-17) and in solid state (18-26). Developed chro-
matographic method for the determination of CZH
had many disadvantages like significant organic sol-
vent consumption or incompatible to HPLC-MS
water phase (27-30).

The aim of this work was to develop and vali-
date HPLC method with UV detection suitable for
identification, determination, and stability study of
cefozopran hydrochloride and its degradation prod-
ucts.

EXPERIMENTAL

Chemicals, reagents and solutions

Cefozopran hydrochloride was obtained from
CHEMOS GmbH Werner-von-Siemens Str. 3, D-
93128 Regenstauf, Germany. It is white or pale yel-
lowish white, crystalline powder soluble in water
and conforms to Japanese Pharmacopeia XV stan-
dards.

All other chemicals and solvents were obtained
from Merck KGaA (Germany) and were of analyti-
cal grade. High quality pure water was prepared by
using the Millipore purification system (Millipore,
Molsheim, France, model Exil SA 67120).

Instrumentation

HPLC Dionex Ultimate 3000 analytical system
consisted of a quaternary pump, an autosampler, a
column oven and a diode array detector was used.
As the stationary phase a Lichrospher RP-18 col-
umn, 5 pm particle size, 250 mm X 4 mm (Merck,
Darmstadt, Germany) was used. The mobile phase
composed of acetonitrile — 12 mM ammonium
acetate (8 : 92, v/v). The flow rate of the mobile
phase was 1.0 mL/min and the injection volume was
10 pL. The wavelength of the DAD detector was set
at 260 nm. Separation was performed at 30°C.
Photodegradation stability studies were performed
using Suntest CPS* (Atlas®) with filter Solar ID65.

Procedure for forced degradation study of cefozo-
pran hydrochloride

Stability tests were performed according to
International Conference on Harmonization
Guidelines (31).

Degradation in aqueous solutions
The degradation of cefozopran hydrochloride
in aqueous solutions was studied in hydrochloric

acid (1 mol/L) at 298 K, in sodium hydroxide (0.1
mol/L) at 298 K and in water at 373 K. Degradation
was initiated by dissolving an accurately weighed
5.0 mg of cefozopran hydrochloride in 25.0 mL of
the solution equilibrated to desired temperature in
stoppered flasks. At specified times, samples of the
reaction solutions were withdrawn and instantly
cooled with a mixture of ice and water.

Oxidative degradation

Degradation was initiated by dissolving an
accurately weighed 5.0 mg of cefozopran
hydrochloride in 25.0 mL solution of 3% H,0,
equilibrated to 298 K.

Thermal degradation

Samples of cefozopran hydrochloride (5.0 mg)
were weighed into glass vials. In order to achieve
the degradation of cefozopran hydrochloride in solid
state, their samples were immersed in heat chambers
at 373 K at RH = 0%, at 373 K at RH ~ 76.4% and
at 353 K at RH ~ 76.4%. At specified time intervals,
determined by the rate of degradation the vials were
removed, cooled to room temperature and their con-
tents were dissolved in mixture acetonitrile and
water (1 : 1, v/v). The obtained solutions were quan-
titatively transferred into measuring flasks and dilut-
ed with the same mixture of solvents to 25.0 mL.

UV degradation

Samples of cefozopran hydrochloride (5.0 mg)
were accurately weighed, dissolved in 25.0 mL of
water and then they were exposed to light according
to ICHQI1b directions.

RESULTS AND DISCUSSION

It was observed that satisfactory resolution of
cefozopran hydrochloride (retention time 4.6 min.)
and their degradation products (retention time from
1.9 to 3.6 min.) formed under various stress condi-
tions was achieved when analysis of stressed sam-
ples were performed on an HPLC system using a C-
18 column and a mobile phase composed of 8 vol-
umes of acetonitrile and 92 volumes of ammonium
acetate, 12 mmol/L. The detection was carried out at
260 nm. The mobile phase flow rate was 1.0
mL/min. Typical retention times of cefozopran
hydrochloride were about 4.6 min (Fig. 2). Peak
asymmetry was 0.98.

Method validation
HPLC method was validated according to
International Conference on Harmonization
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Guidelines. The method was validated for parame-
ters such as specificity, linearity, precision, accura-
cy and robustness.

Selectivity

The selectivity was examined for non-degrad-
ed and degraded samples (the solutions of cefozo-
pran hydrochloride after stress conditions of hydrol-
ysis (acid, base and neutral), photolysis, oxidation
(H,0,) and thermal degradation.

The HPLC method for determination of cefo-
zopran hydrochloride was found selective in the
presence of degradation products as shown in Figure
2. Peaks were symmetrical, clearly separated from
each other (Fig. 2).

Linearity
Linearity was evaluated in the concentration
range 20-300 mg/L (10-150% of the nominal con-
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centration of cefozopran hydrochloride during
degradation studies). The samples of each solution
were injected three times and each series comprised
7 experimental points.

The calibration plots were linear in the follow-
ing concentration range 20-300 mg/L (n = 9, r =
0.9999). The calibration curve was described by the
equation y = ac; y = (0.7904 £ 0.0022) c. The b
value, calculated from equation y = ac + b, was not
significant. Statistical analysis using Mandel’s fit-
ting test confirmed linearity of the calibration
curves.

Accuracy, as recovery test

The accuracy of the method was determined by
recovering cefozopran hydrochloride from the
placebo. The recovery test was performed at three
levels 50, 100 and 150% of the nominal concentra-
tion of cefozopran hydrochloride during degradation

Table 1. Intra-day, inter-day precision (n = 6) and recovery studies (n = 3).

Spiked concentration (mg/L) Measured concentration + S.D. (mg/L) RSD (%)
Intra-day precision
100.00 100.51 £ 0.22 0.15
200.00 199.32 £ 0.82 0.39
300.00 299.24 + 1.14 0.36
Inter-day precision
100.00 100.05 £ 0.54 0.51

Recovery studies

Spiked concentration (mg/L)

Measured concentration + S.D. (mg/L)

Recovery (%)

100.0 (~ 50%) 100.15 £ 0.65 100.15
200.0 (~ 100%) 199.25 +1.23 99.62
300.0 (~ 150%) 299.69 + 1.51 99.90

300
CZH
250 -
200 -
150
mAU

100 Degradants

N b

O T T

) 1 2 3 4 5 6

-50 - min

Figure 2. HPLC chromatogram of cefozopran hydrochloride (CZH) after 120 h incubation at 298 K in 1 mol/L HCI
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studies. Three samples were prepared for each
recovery level. The solutions were analyzed and the
percentage of recoveries was calculated.

Precision

Precision of the assay was determined in rela-
tion to repeatability (intra-day) and intermediate
precision (inter-day). In order to evaluate the
repeatability of the methods, six samples were deter-
mined during the same day for three concentrations
of cefozopran hydrochloride. Intermediate precision
was studied comparing the assays performed on two
different days.

The intra-day and inter-day precision values of
measured concentration of cefozopran hydrochlo-
ride, as calculated from linearity plots are given in
Table 1. The RSD values were 0.15 and 0.51%,
respectively, demonstrating that the method was
precise.

Good recoveries were obtained for each con-
centration, confirming that the method was accurate
(Table 1).

Limits of detection (LOD) and quantification
(LOQ)

The LOD and LOQ parameters were deter-
mined from the regression equation of cefozopran
hydrochloride: LOD = 3.3 §//a, LOQ = 10 §/a;
where S, is a standard error and a is the slope of the
corresponding calibration curve.

Under applied chromatographic conditions, the
LOD of cefozopran hydrochloride was 1.04 mg/L
and LOQ of cefozopran hydrochloride was 3.15
mg/L.

Robustness

The robustness of the procedure was evaluat-
ed after changing the following parameters: the

Table 2. Results of forced degradation studies.

composition of the mobile phase (content of ace-
tonitrile in the range 6-10%), the mobile phase
flow rate (flow rate in the range 0.8—1.2 mL/min),
wavelength of absorption (in the range 255-265
nm) and temperature (30 £ 2°C). For each parame-
ter change, its influence on the retention time, res-
olution, area and asymmetry of peak was evaluat-
ed. No significant changes in resolution and shapes
of peak, areas of peak and retention time were
observed when above parameters were modified.
Modifications of the composition of the mobile
phase: organic-to-inorganic component ratio and
pH resulted in the essential changes of retention
time and resolution in determination of cefozopran
hydrochloride.

Results of forced degradation experiments

During stability studies, degradation of
20-80% should be achieved for establishing stabili-
ty-indicating nature of the assay method. In previous
studies, concerning the stability of cephalosporins, it
was observed that basic hydrolysis was a fast reac-
tion (10-17). Also in the case of cefozopran
hydrochloride significant degradation was observed
at basic hydrolysis. Photodegradation of cefozopran
hydrochloride was observed after exposition even
on 1.2 million lux h (solution). It was observed that
around 30% of cefozopran hydrochloride degraded
under these conditions. Cefozopran hydrochloride
was susceptible for degradation in solid state. At
increased RH the degradation was much faster than
in dry air. The results of forced degradations in var-
ious conditions are summarized in Table 2. Similar
results were observed for other 4" generation
cephalosporins: cefpirome sulfate (CPS) (23, 32)
and cefoselis sulfate (CSS) (13, 24). CZH is more
stable in solutions but easier degrades in solid state
than CPS and CSS.

Stress conditions and time studies Degradation [%]
Acidic (1 mol/L HCI; 298 K; 77 h) 35.17
Basic (0.1 mol/ L NaOH; 298 K; 11 min) 48.76
Neutral (373 K; 65 min) 54.85
Oxidizing (3% H,0,; 298 K; 4 h) 23.65
Thermal (solid state; 373 K; RH~0%; 41 days) 88.68
Thermal (solid state; 373 K; RH~76.4%; 1 h) 96.83
Thermal (solid state; 353 K; RH~76.4%; 1 h) 47.61
1.2 million lux h (solution) 32.12
6.0 million lux h (solution) 83.37
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CONCLUSION

The isocratic RP-L.C method developed for the
analysis of cefozopran hydrochloride in their phar-
maceutical preparations is selective, precise and
accurate. The method is useful for routine analysis
due to short run time and low amounts of used sol-
vents (acetonitrile) in mobile phase. Water phase of
developed method is compatible to HPLC-MS and
can be used for identification of degradation prod-
ucts.
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Abstract: The presented developed HPLC method and GC method may be used to separate and determine all
analyzed 3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors (statins) and ezetimibe using a single
columns and a uniform methodology. In order to perform qualitative and quantitative tests of statins and eze-
timibe the Symmetry C18 column 250 mm x 4.6 mm, 5 um, the mobile phase: acetonitrile:water (70 : 30, v/v),
adjusted to pH = 2.5 and a spectrophotometric detector for the HPLC method were used. For GC method col-
umn HP- 1; 30 m x 0.25 mm X 0.25 pm and FID detector were selected. All results and statistical data obtained
indicate good method sensitivity and precision. The RSD values are appropriate for both newly developed

methods.

Keywords: hyperlipidemia, HPLC, GC, 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase
inhibitors, atorvastatin calcium, fluvastatin sodium, rosuvastatin calcium, lovastatin, simvastatin, ezetimibe

Hyperlipidemia (HLP) is a group of lipid
metabolism disturbances of various pathological
background and they are characteristic in that the
blood levels of cholesterol, mainly low density cho-
lesterol (LDL) and/or triglycerides, increase.
Elevated levels of total cholesterol and LDL are
tightly associated with an increased risk of ischemic
heart disease and disturbances in the cerebral, coro-
nary and peripheral circulation. The most important
parameter of a lipid panel includes the LDL levels —
the normal levels should be below 100 mg/dL, or
even below 80 mg/dL according to the current stan-
dards of the European Society of Cardiology.
Moreover, the cut-off value for the HDL levels has
been elevated — the normal levels are those above 40
mg/dL. for men and above 50 mg/dL for women,
whereas a risk factor includes levels below 40
mg/dL. The third most important parameter includes
the triglyceride levels — the normal levels are the
ones that do not exceed 150 mg/dL.

First-choice medicinal products used in the
treatment of hyperlipidemia, mainly in order to
reduce the cholesterol levels, include 3-hydroxy-3-

* Corresponding author: e-mail: e.kublin@nil.gov.pl
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methylglutaryl-coenzyme A (HMG-CoA) reductase
inhibitors namely statins, and aryloxyalkylcar-
boxylic acids derivatives, namely fibrates (1-4).
Currently, a medicinal product belonging to a
new group of agents affecting the lipid metabolism
in the body has been introduced — and it is called
ezetimibe. Ezetimibe selectively inhibits the absorp-
tion of exogenous cholesterol from a diet and pres-
ent in the bile, as well as plant sterols in the intes-
tines. It binds to the Niemann-Pick C1 like 1 protein
(NPC1L1) in the epithelium of the intestinal mucous
membrane. This protein plays a vital role in the
absorption of cholesterol into the cells, therefore this
agent reduces the cholesterol levels in the blood
plasma. However, the mechanism of action of eze-
timibe is different from the one observed for agents
inhibiting the intestinal cholesterol absorption, ion-
exchange resins and sitosterols (plant sterols) used
so far in pharmacotherapy. Moreover, it has been
observed that this new medicinal product does not
affect the inhibition of gastrointestinal absorption in
the case of triglycerides, fatty acids, bile acids or fat-
soluble vitamins (A and D vitamins). Therefore,
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ezetimibe has been included in a new subgroup of
medicinal products used in the treatment of elevated
levels of total cholesterol and LDL fraction. It is
used in the treatment of primary hypercholes-
terolemia (familial heterozygous and homozygous,
and non-familial) and of familial homozygous sitos-
terolemia as a diet-supporting agent.

Ezetimibe is used in monotherapy or more fre-
quently in combination therapy with statins, if the

Ca 2*

— — 2
ROSUVASTATIN CALCIUM (C,,H,;,FN;0,S) 2Ca
bis[(E)-7-[4-(4-fluorophenyl)-6-isopropyl-2-
[methyl(methylsulfonyl)amino]pyrimidin-5-y1](3R,5S)
-3,5-dihydroxyhept-6-enoic acid] calcium salt

SIMVASTATIN (CysH3305)
(18,3R,75,85,8aR)-8-[2-[(2R 4R)-4-hydroxy-
6-oxotetrahydro-2H-pyran-2-yl]ethyl]-3,7-
dimethyl-1,2,3,7,8,8a-hexahydronaphthalen-
1-yl 2,2-dimethylbutanoate

COONa

FLUVASTATIN SODIUM (C,,H,sFNNaO,)
[3R,58,6E]-7-[3-(p-fluorophenyl)-1-(1-
isopropyl)indol-2-yl]-3,5-dihydroxy-6-

heptenoate sodium

use of agents belonging to this group is contraindi-
cated or poorly tolerated in high doses in these
patients (5, 6).

Chemical formulas and names of medicinal
products belonging to both therapeutic groups and
used in combination therapy are presented in Figure 1.

Available literature of recent years does not
include any publications discussing the method to
identify and determine ezetimibe in pharmaceutical

Ca

2

ATORVASTATIN CALCIUM (C,,H,,FN;0,S) 2Ca
[R-(R*,R*)-2-(4-fluorophenyl)-a,a-dihydroxy-5-
(1-methylethyl)-3-phenyl-4-[(phenylamino)carbonyl]-
1H-pyrrolo-1-heptanoate calcium

N\ HC N
H CH,
LOVASTATIN (C,H;s05)
(18,3R,75,8S,8aR)-8-[2-[ (2R 4R)-4-
hydroxy-6-oxotetrahydro-2H-pyran-
2-yllethyl]-3,7-dimethyl-1,2,3,7,8,8a-
hexahydronaphthtalen-1-yl (25)-2-
methylbutanoate

OH

EZETIMIBE (C,,H,,F,NO,)
(3R,4S)-1-(4-fluorophenyl)-3-[(3S)-
3-(4-fluorophenyl)-3-hydroxypropyl]-
4-(4-hydroxyphenyl) azetidine-2-one

Figure 1. Chemical formulas and names of compounds belonging to statins and ezetimibe
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products and biological materials. There are only
few studies regarding clinical trials on the use of
ezetimibe and statins in monotherapy and combina-
tion therapy (5, 6).

In 2006, Kublin et al. have published a study
on determination of a whole group of statins using
gas chromatography with the FID detector (7). In
2010, a study of a method to determine all medicinal
products belonging to statins using HPLC with the
Symmetry C18 column and a spectrophotometric
detector was published by the same authors (8). In
2012, Kublin et al. published an article presenting
test methods for the most commonly used agents
belonging to statins and fibrates using HPLC and
GC (9).

In modern therapy of hypercholesterolemia
simvastatin or atorvastatin at a dose between 10 mg
and 40 mg daily and ezetimibe at a dose 10 mg daily
are used most frequently. As a result, it is possible to
reduce significantly statin doses that are used and to
reduce the simvastatin dose of 80 mg, which is com-
monly used and poorly tolerated by patients, to
approx. 10-20 mg with simultaneous use of ezetim-
ibe at a dose of 10 mg. The medicinal product called
Inegy, including simvastatin and ezetimibe at a dose

of 10 mg + 10 mg, has been already introduced to
the American market. On the Polish market, this
product has not been registered yet.

Due to lack of any reports regarding common
methods for the identification and quantitative deter-
mination of agents belonging to statins and ezetim-
ibe simultaneously, especially in medicinal prod-
ucts, it is justified to prepare methods to determine
the contents of these compounds.

The study was assumed to prepare further sim-
ple, sensitive and unified quantification methods for
the identification and quantitative determination that
could be used to study a group of 3-hydroxy-3-
methylglutaryl-coenzyme A reductase inhibitors
(HMG-CoA), namely statins and ezetimibe in rou-
tine analyses, and to assess its analytical and eco-
nomical aspects.

EXPERIMENTAL

Reference materials

Rosuvastatin calcium (MSN Laboratories
Ltd.), atorvastatin calcium (Pharmathen), simvas-
tatin (Aurobindo Pharma Ltd.), lovastatin (Teva),
fluvastatin sodium (USP), ezetimibe (Merck).

80‘_-Area [mAU*min]

ez.é
50.65
37.5?
25.92

125

R? = 0.9999

0 25 50 75

100 125 150

175 200 220

Amount [ug/mL]

Figure 2. Regression curve for ezetimibe (HPLC)
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Medicinal products
Ezetrol — tablets 10 mg (MSD-SP Limited),
Simorion — coated tablets 10 mg (Orion Pharma).

Reagents and equipment

High purity HPLC reagents: acetonitrile,
methanol (Rathburn), orthophosphoric acid 85%
(AppliChem). Dionex liquid chromatograph with a
spectrophotometric detector. Agilent Technologies
gas chromatograph type 6890N with FID detector.

High performance liquid chromatography -
HPLC

Qualitative analysis

Ezetimibe identification

The Symmetry C18 column, 250 x 4.6 mm, 5
wm and a spectrophotometric detector were used for
the test (9, 10).

The following identification conditions were
prepared: mobile phase: acetonitrile:water (70 : 30,
v/v), adjusted to pH = 2.5 with 85% orthophosphor-
ic acid; column temperature: 35°C; autosampler
temperature: 15°C; mobile phase flow rate: 1.2
mL/min; injection volume: 10 uL; wavelength: 232
nm.

Preparation of calibration curve for ezetimibe

Standard solutions of ezetimibe in methanol at
appropriate concentrations were prepared and a cal-

Table 1. Retention times (R;) of tested compounds (HPLC).

ibration curve for this compound was constructed
(Fig. 2).

The linearity of the examined compound in the
tested range of levels 0.010-199.92 pg/mL was
observed.

The determination limit was 0.050 pug/mL, and
the detection limit — 0.010 ug/mL.

Quantitative determination
Determination of ezetimibe

Under predetermined conditions, the selected
ezetimibe levels were quantitatively determined in a
medicinal product — Ezetrol tablets 10 mg.

A spectrophotometric detector and the wave-
length of 232 nm were used during an analysis.
Methanol was used as a solvent.

Preparation of standard and tested solutions
Standard solution of ezetimibe

Ca. 5 mg of a reference material - ezetimibe
was weighed into a 100 mL measuring flask, dis-
solved in methanol and diluted to volume with
methanol.

Tested solutions

Ca. 50 mg of a powdered tablet mass of Ezetrol
(corresponding to approx. 5 mg of the active sub-
stance - ezetimibe) was weighed into a 100 mL
measuring flask, approx. 50 mL of methanol was

Table 2. Retention time (R;) for tested compounds (GC).

RETENTION RETENTION

COMPOUND NAME TIME COMPOUND TIME

[min] [min]

ROSUVASTATIN CALCIUM 2.45 FLUVASTATIN SODIUM 2.26
EZETIMIBE 3.01 ROSUVASTATIN CALCIUM 3.19
ATORVASTATIN CALCIUM 3.41 LOVASTATIN 4.14
FLUVASTATIN SODIUM 3.73 SIMVASTATIN 4.41
LOVASTATIN 7.65 ATORVASTATIN CALCIUM 5.51
SIMVASTATIN 9.96 EZETIMIBE 6.74

Table 3. Statistical assessment of results of determining the contents of ezetimibe in a medicinal product with HPLC and GC methods.

NAME OF NUMBER AVERAGE STANDARD CONFIDENCE RSD
COMPOUND / OF TESTS FROM ALL DEVIATION INTERVAL X £ AX (%)
PRODUCT n MEASUREMENTS X (%) S Pu=95% (w %) ¢
Ezetimibe tablets
(Ezetrol) 10 99.04 0.02 99.04 £ 0.02 0.22
HPLC
Ezetimibe tablets
(Ezetrol) 10 100.21 0.04 100.21 £ 0.04 0.55
GC
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Figure 3. Chromatogram of the ezetimibe standard (HPLC)
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Figure 5. Chromatogram of the mixture of ezetimibe and simvas-
tatin prepared from tablets at the wavelength of 232 nm (HPLC)

added and the solution was shaken mechanically for
30 min. Solutions were diluted to the volume, and
filtered. The solutions obtained were used in tests.
Table 3 presents results and a statistical assessment.
Exemplary chromatograms are presented in Figures
3 and 4.

Simultaneous quantitative determination of eze-
timibe and simvastatin
Medicinal products: Ezetrol and Simorion

The determination was carried out at the fol-
lowing wavelengths: 232 nm for ezetimibe and 238
nm for simvastatin.

Preparation of standard solution of ezetimibe and
simvastatin

Ca. 5 mg of a reference material (ezetimibe)
and 5 mg of a reference material (simvastatin) were

300

malL
2504 1 =ezetimibe - 3.013
200+
150
100+
504
o L T
=50 T T T T m
000 1.00 200 3.00 400 450

Figure 4. Chromatogram of the ezetimibe solution prepared from
tablets (HPLC)
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Figure 6. Chromatogram of the mixture of ezetimibe and simvas-
tatin prepared from tablets at the wavelength of 238 nm (HPLC)

transferred to a 100 mL measuring flask, dissolved
in methanol and diluted to volume with methanol.

Tested solutions

Approximately 50 mg of a powdered tablet
mass of Ezetrol (corresponding to approx. 5 mg of
the active substance - ezetimibe) and 50 mg of a
powdered tablet mass of Simorion (corresponding
to approx. 5 mg of the active substance - simvas-
tatin) were weighed into a 100 mL measuring flask.
Approx. 50 mL of methanol was added and the
solution was shaken mechanically for 30 min.
Solutions were diluted with methanol and filtered.
The solutions obtained were used in tests.
Exemplary chromatograms are presented in Figures
5 and 6. Table 4 presents results and a statistical
assessment.
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Gas chromatography (GC) method
Qualitative analysis
Ezetimibe identification

The following column was used: HP— 1; 30 m
% 0.25 mm X 0.25 um and the FID detector (8, 10).
The identification conditions prepared: detector
temperature: 320°C; injection chamber temperature:
300°C; column temperature: programme — initial
temp. 190°C for 1 min; increment of §°C/1 min to

ELZBIETA KUBLIN et al.

the final temp. of 285°C/2 min; gas flow: 3.9
mL/min; injection volume: 1.0 pL and split: 10 : 1.

Preparation of a calibration curve for ezetimibe
Standard solutions of ezetimibe in methanol at
appropriate concentrations were prepared and a cali-
bration curve for this compound was drawn (Fig. 7).
The linearity in the tested range of levels
39.98-999.60 ng/mL was observed. The determina-

800
700 | y=0.,7(2)31x-10.181
R® =0.999
600
500
©
2 400 -
<
300
200
100
0 T T T T T
0 200 400 600 800 1000 1200
Amount [ug/mL]
Figure 7. Regression curve for ezetimibe (GC)
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Figure 8. Chromatogram of ezetimibe standard (GC)
pA] | 8
7 £
20
] ! :
15 :
3 P, -
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Figure 9. Chromatogram of the ezetimibe solution prepared from tablets (GC)
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Figure 10. Chromatogram of the mixture of ezetimibe and simvastatin standards (GC)
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Figure 11. Chromatogram of ezetimibe and simvastatin solution prepared from tablets (GC)

Table 4. Statistical assessment of results of determining the contents of active substances in medicinal products with HPLC and GC meth-

ods parallely.

NAME OF NUMBER AVERAGE STANDARD CONFIDENCE RSD
COMPOUND / OF TESTS FROM ALL DEVIATION INTERVAL X + AX (%)
PRODUCT n MEASUREMENTS X (%) S Pu=95% (w %)
Ezetimibe
tablets 9 99.06 0.05 99.06 £ 0.04 0.46
Q (Ezetrol)
s
E Simvastatin
coated tablets 9 98.10 0.03 98.10 £ 0.02 0.27
(Simorion)
Ezetimibe
tablets 8 99.84 0.87 99.84 £0.73 0.87
O (Ezetrol)
G} - -
Simvastatin
coated tablets 8 95.48 0.26 95.48 £ 0.22 0.28
(Simorion)

tion limit was 39.984 pg/mL and the detection limit
—19.992 pg/mL.

Quantitative determination

Determination of ezetimibe with the GC method
Under predetermined conditions, the selected

ezetimibe concentrations were quantitatively deter-

mined in a medicinal product — Ezetrol tablets 10

mg. The FID detector was used during analyses.

Methanol was used as a solvent.

Preparation of standard and tested solutions
Standard solution of ezetimibe

Ca. 5 mg of a reference material was weighed
into a 25 mL measuring flask, dissolved in methanol
and diluted to volume with methanol.

Tested solutions

Ca. 100 mg of a powdered tablet mass of
Ezetrol (corresponding to approx. 10 mg of the
active substance - ezetimibe) was weighed into a 50
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mL measuring flask, approx. 25 mL of methanol
was added and the solution was shaken mechanical-
ly for 30 min. Solutions were diluted to volume, and
filtered. The solutions obtained were used in tests.

Table 3 presents results and a statistical assess-
ment. Exemplary chromatograms are presented in
Figures 8 and 9.

Parallel quantitative determination of ezetimibe
and simvastatin
Medicinal products: Ezetrol and Simorion

The tests were performed under predetermined
conditions used for the gas chromatography method.

Standard solution of ezetimibe and simvastatin

Ca. 5 mg of a reference material - ezetimibe
and 5 mg of a reference material - simvastatin were
weighed into a 25 mL measuring flask, dissolved in
methanol and diluted to volume with methanol.

Tested solutions.

Ca. 100 mg of a powdered tablet mass of
Ezetrol (corresponding to approx. 10 mg of the

300

mAl =
4 - tluvastatn -3.733

2 - epetimibe-3.007
2504

1 -2453
I atervastatin - 3413

2004

150 5 - lovastatin - 7.647

& = simvastatin - 8,96

1004

S04

-50 e - ; e
0.0 20 40 6.0 80 100 120 138

Figure 12. Chromatogram of the statin mixture and ezetimibe stan-
dards (HPLC)

Rosuvastatin
0—t-ovastatin
=Simvastatin

active substance - ezetimibe) and 100 mg of a pow-
dered tablet mass of Simorion (corresponding to
approx. 10 mg of the active substance — simvastatin)
were weighed into a 50 mL measuring flask, approx.
25 mL of methanol was added and the solution was
shaken mechanically for 30 min. Solutions were
diluted to volume with methanol and filtered. The
solutions obtained were used in tests. Exemplary
chromatograms are presented in Figures 10 and 11.
Table 4 presents results and a statistical assessment.

Identification of the mixture containing ezetimibe
and 3-hydroxy-3-methylglutaryl-coenzyme A
(HMG-CoA) reductase inhibitors - statins

The parallel test to identify HMG-CoA reduc-
tase inhibitors used in pharmacotherapy — statins
and ezetimibe using the HPLC method and gas chro-
matography method was performed.

During the HPLC method a mixture of the fol-
lowing substances in methanol was used: atorvas-
tatin calcium — 52.7 pg/mL, lovastatin — 48.8
ptg/mL, simvastatin — 52.2 pg/mL, fluvastatin sodi-
um — 50.5 pg/mL rosuvastatin calcium — 51.5
pg/mL and ezetimibe — 51.9 pg/mL.

The following predetermined assay conditions
were used: Symmetry C18, 250 X 4.6 mm, 5 um
column; mobile phase: acetonitrile : water (70 : 30,
v/v), adjusted to pH = 2.5 with 85% orthophosphor-
ic acid; column temperature: 35°C; autosampler
temperature: 15°C; mobile phase flow: 1.2 mL/min;
injection volume: 10 uL; wavelength: 232 nm.

All tested compounds were separated, and
retention times obtained are presented in Table 1.
The separation factor between two adjacent peaks of
atorvastatin and fluvastatin (peaks 3 and 4 in Fig.
10) is 2.44. The chromatogram is presented in
Figure 12.

During the gas chromatography (GC) method a
mixture of following substances in methanol solu-
tions was used: atorvastatin calcium — 52.7 ug/mL,
lovastatin — 48.8 pg/mL, simvastatin — 55.2 pg/mL,
fluvastatin sodium — 101.0 pg/mL, rosuvastatin cal-
cium — 103.0 pg/mL and ezetimibe — 266.3 pg/mL

T Ezetimibe

T
2.5 5

|
7.5 10 min

Figure 13. Chromatogram of the statin mixture and ezetimibe standards (GC)
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The following identification conditions were
developed: HP— 1 column; 30 m x 0.25 mm x 0.25
wm; detector temperature: 320°C; injection chamber
temperature: 300°C; column temperature: pro-
gramme — initial temp. 240°C for 1 min; increment
of 10°C/1 min to the final temp. of 295°C, 2 min;
gas flow: 3.9 mL/min; injection volume: 1.0 pL;
split: 10 : 1.

All tested compounds were separated, and
retention times obtained are presented in Table 2.
The separation factor between two adjacent peaks
of lovastatin and simvastatin (peaks 4 and 5 in Fig.
13) is 2.08. The chromatogram is presented in
Figure 13.

DISCUSSION OF RESULTS

With regard to the fact that treatment of hyper-
cholesterolemia often involves combination therapy
including medicinal products belonging to statins —
simvastatin the most frequently and ezetimibe, this
paper was aimed to perform a quantitative analysis
using HPLC and GC methods of compounds that are
the most frequent ingredients of medicinal products.
Results and statistical data obtained presented in
Table 3 and 4 indicate good method sensitivity and
precision. The RSD values presented in Table 3 and
4 are appropriate for newly developed methods to
determine ezetimibe alone, as well as ezetimibe and
simvastatin simultaneously.

CONCLUSIONS
HPLC and GC methods developed and pre-

sented herein may be used for simultaneous separa-
tion and determination of all tested (HMG—CoA)

reductase inhibitors — statins, and a newly intro-
duced compound — ezetimibe, using one column and
similar methods.
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DRUG BIOCHEMISTRY

DIFFERENT RESPONSE OF ANTIOXIDANT DEFENSE SYSTEM TO
ACAMPROSATE IN ETHANOL PREFERRING AND NON-PREFERRING RATS
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Abstract: The aim of the study was to investigate whether acamprosate, an agent attenuating relapse in human
alcoholics, might modulate antioxidant status in rats chronically administered ethanol. Male Wistar rats were
presented with a free choice paradigm between tap water and ethanol solution for three month to distinguish
two groups of animals, preferring (PRF) and non-preferring (NPF) ethanol. Then, rats were administered acam-
prosate, 500 mg/kg/day, per os, for 21 days. The hepatic level of enzymatically-driven lipid peroxidation was
enhanced by ethanol in PRF and NPF rats by 67 and 82%, respectively. Unstimulated microsomal lipid perox-
idation was increased solely in NPF rats by 33%. Acamprosate caused 36% increase in stimulated lipid perox-
idation only in NPF animals. The activities of all hepatic antioxidant enzymes examined: superoxide dismutase,
catalase, glutathione peroxidase, glutathione reductase and glutathione S-transferase were decreased in rats
treated with ethanol by 30 to 64% as compared to controls, however, this decrease was more distinct in ethanol
preferring rats. Administration of acamprosate further reduced the activity of antioxidant enzymes only in NPF
rats: catalase by 47%, glutathione peroxidase and glutathione S-transferase by 37% and glutathione reductase
by 33%. No effect of acamprosate on 4-nitrophenol hydroxylase, a marker of CYP2EI activity, was observed.
As acamprosate enhanced oxidative stress only in the rats non-preferring ethanol, it could be expected that these
adverse effects are not demonstrated in alcohol-dependent humans treated with acamprosate.

Keywords: ethanol, acamprosate, lipid peroxidation, antioxidant enzymes

It is generally accepted that oxidative stress Acamprosate  (calcium  3-acetamido-1-

plays an important role in ethanol toxicity. The abil-
ity of acute and chronic ethanol treatment to
increase production of reactive oxygen species
(ROS) and enhance peroxidation of lipids as well as
oxidative damage of protein and DNA has been
demonstrated in a variety of systems, cells and
species including humans. Various pathways play a
key role in ethanol-induced oxidative stress e.g.,
redox state changes (decrease in the NAD*/NADH
ratio) produced as a result of ethanol oxidation,
effects on antioxidant enzymes, one electron oxida-
tion of ethanol to the 1-hydroxyethyl radical. It has
been shown that CYP2E1 which is specifically
involved in ethanol oxidation has a high oxidase
activity and plays a crucial role in the microsomal
generation of ROS and of ethanol-derived free radi-
cals (1, 2).

propanesulfate; CAS number 77337-73-6) (AC), a
structural analog of d-aminobutyric acid and
homolog of taurine, has been shown to attenuate
relapse in human alcoholics (3, 4). There is some
evidence suggesting that AC affects glutamatergic
receptor system and may act as “partial co-agonist”
directly on spermidine-sensitive site of the N-
methyl-D-aspartate (NMDA) receptor or via
metabotropic receptors type 5 (mGluRS) but many
aspects of its pharmacological profile are still
unknown (5). Moreover, results of some research
suggest that, as a taurine analog, AC can act as a lig-
and for taurine receptors (6). It was also noted that
AC administration to laboratory animals significant-
ly increased taurine levels in the brain (7).

Taurine has been shown to be tissue protective
in many models of oxidative injury. For example,

* Corresponding author: e-mail: liebert@ump.edu.pl; phone/fax: +48 618470721
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protective effects of taurine against hepatic steatosis
and lipid peroxidation were demonstrated in rats
administered ethanol (8). Taurine protects hepato-
cytes against H,0O,-induced damage (9) and inhibits
tert-butylhydroperoxide-induced damage to lipids in
rat liver slices (10). It has been found that taurine
analog, acamprosate, acts as antioxidant/free radical
scavenger in the brain of rats intoxicated with alco-
hol (11).

The present study was undertaken to assess
whether acamprosate can also prevent oxidative
damage in the liver of alcoholized rats. We have
used a model similar to that applied in our previous
experiments, namely selectively bred alcohol-pre-
ferring and non-preferring rats (12, 13). This model
has been introduced to investigate the neurobehav-
ioral backgrounds for alcoholism and to develop
efficacious therapeutic treatment (14).

The aim of the present study was to investigate
whether acamprosate might modulate antioxidant
status i.e., antioxidant enzymes, microsomal lipid
peroxidation and GSH level in the liver of rats
chronically administered ethanol.

MATERIALS AND METHODS

Acamprosate (AC) (tabl. 333 mg) was pur-
chased from Campral, Lipha S.A., France, whereas
the rest of chemicals were from Sigma Aldrich,
Poland.

Experimental design

Thirty male Wistar rats (180 £ 10 g body
weight) obtained from certified supplier (Laboratory
Animals Breeding, Brwinéw, Poland) were used in
the experiment. Rats were housed individually in
standard plastic cages with stainless steel covers,
kept in an animal facility on reversed 12 h light-dark
cycle at 20 £ 1°C, controlled humidity (65%) and
circulation of air, fed Labofeed diet (ISO 9001) and
tap water ad libitum.

The rats were presented with a free choice par-
adigm between tap water and ethanol solution (12%
w/w) for three month with two 2-week withdrawal
periods after the first and the second month. This
procedure — preference development — permitted
distinction of two groups of ethanol-drinking ani-
mals: (i) rats with a mean intake of ethanol about 4.9
g/kg b.w./day, preferring alcohol (PRF) and (ii) rats
with a mean intake of ethanol about 1.2 g/kg
b.w./day, non-preferring  alcohol (NPF).
Additionally, for comparative purposes, throughout
the whole period of chronic ethanol treatment, an
ethanol-naive control group of animals received

only tap water. Both types of ethanol-drinking rats
were divided into 2 subgroups, 6 rats each. In the
second part of the experiment, one subgroup of PRF
and one subgroup of NPF rats were treated with
acamprosate (500 mg/kg b.w./day, p.o., suspended
in 1% methylcellulose solution) for 21 days. Two
subgroups of animals, PRF and NPF, were treated
p.o. with 1% methylcellulose solution alone for 21
consecutive days.

During the last week of drug treatment, ethanol
and total fluid (sum of water and ethanol solution)
intakes were measured and expressed in g/kg/day.
The body weight of animals was measured after the
drug treatment period.

At the end of the experiment, animals were
anesthesized with ketamine (160 mg/kg b.w.; i.p.)
and sacrificed by decapitation. The livers were
removed, perfused with ice-cold 1.15% KCI and
homogenized in buffered sucrose solution (Tris,
pH 7.55). Microsomal and cytosol fractions were
prepared by differential centrifugation according to
the standard procedure. Protein concentration in
the fractions was determined using Folin-Ciocalteu
reagent (15). Liver homogenate for glutathione
determination was prepared in phosphate buffer,
pH 7.4.

The experiment was performed according to
the Local Animal Ethics Committee guidelines for
animal experimentation.

Biochemical assays

Microsomal lipid peroxidation in the liver was
assayed in two systems: uninduced and
Fe’*/ADP/NADPH-stimulated (enzymatic). The
level of lipid peroxidation was evaluated by measur-
ing thiobarbituric acid reactive substances (TBARS)
(16). The level of glutathione was evaluated by the
determination of non-protein sulthydryl groups con-
centration in liver homogenate with Ellman’s
reagent (17).

Antioxidant enzymes were assayed in the liver
cytosol. Glutathione peroxidase (GPx) activity was
determined according to Mohandas et al. (18).
Hydrogen peroxide was used as a substrate. The dis-
appearance of NADPH was a measure of the
enzyme activity. Glutathione reductase (GR) was
assayed by measuring NADPH oxidation using oxi-
dized glutathione as a substrate (18). Glutathione S-
transferase (GST) activity measurement was based
on the spectrophotometric determination of 1-
chloro-2,4-dinitrobenzene (CDNB) conjugate
formed in a GSH coupled reaction (18). Superoxide
dismutase (SOD) assay was based on its ability to
inhibit spontaneous epinephrine oxidation (19).
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Catalase (CAT) activity was determined by moni-
toring the rate of hydrogen peroxide decomposition
(19). 4-Nitrophenol hydroxylase (PNPH) activity
was determined by the method described by Reinke
and Moyer (20). The method relies on the formation
of 4-nitrocatechol which can be measured spec-
trophotometrically.

Statistical analysis

The data were expressed as the means = SD.
One way analysis of variance (ANOVA) followed
by the Student-Newman-Keuls test for multiple
comparisons were used.

RESULTS

Our study showed statistically significant dif-
ferences between rats in voluntary EtOH intake
(Table 1). Ethanol-preferring animals (PRF) con-
sumed significantly greater amount of EtOH than
the corresponding NPF rats. Multiple AC adminis-
tration resulted in a decrease in EtOH intake in PRF
rats. Simultaneously, no effect of AC on EtOH
intake in NPF animals was found. The differences in

the total fluid intake and in the body weight between
all groups were statistically insignificant.

Unstimulated lipid peroxidation was moderate-
ly increased, by 33%, only in NPF rats. Enzym-
atically-driven lipid peroxidation was enhanced by
ethanol in PRF and NPF rats by 67% and 82%,
respectively, as compared to control rats. The drug
tested did not affect this parameter in PRF rats.
However, in NPF group acamprosate caused 36%
increase in the level of stimulated lipid peroxidation
(Table 2).

The concentration of hepatic GSH was not
changed in any of the groups (data not shown).

Results of antioxidant enzymes activities deter-
mination are shown in Figure 1. To facilitate the
evaluation of ethanol effect on enzymes tested, the
results obtained from ethanol drinking rats (PRF and
NPF groups) were compared with those from con-
trol group, and PRF rats were compared with NPF
rats. Effect of acamprosate was assessed by compar-
ison of ethanol alone drinking rats with rats exposed
to ethanol and acamprosate together.

SOD activity was decreased in both groups of
rats administered ethanol alone, by 30% in PRF rats

Table 1. Effect of acamprosate on ethanol intake in ethanol preferring and ethanol non-preferring rats.

Treatment Body weight Total fluid intake Ethanol intake
(® (g/kg/day) (g/kg/day)
Control 525 +44 90.7+4.9 -
NPF 516 £ 39 89.9 £ 8.8 1.2+0.2°
NPF + AC 479 + 34 102.1 £ 16.6 1.6+£1.2
PRF 476 £ 49 87.6+15.2 4.9 + 1.5
PRF + AC 466 + 69 104.0 + 37.4 34+1.5

NPF = ethanol-non-preferring rats; AC = acamprosate; PRF = ethanol-preferring rats. Results are the mean of
6 rats = SD. Results with the same superscripts are significantly different, A = p < 0.05, B =p < 0.01.

Table 2. Microsomal lipid peroxidation in the liver of rats administered ethanol and acamprosate.

Lipid peroxidation Lipid peroxidation
Treatment unstimulated Fe**/ADP/NADPH-stimulated
(nmol/TBARS/mg protein) (nmol/TBARS/mg protein)
Control 0.48 £ 0.08* 20.1 £3.2*
PRF 0.57 £0.14 33.5+4.94
PRF + AC 0.63 £ 0.02 402 +52
NPF 0.64 £ 0.08* 36.5 £2.948
NPF + AC 0.68 + 0.07 49.7 £ 4.4%

PRF = ethanol-preferring rats; NPF = ethanol-non-preferring rats; AC = acamprosate. Results are the mean of
6 rats = SD. A - PRF and NPF groups are compared with control group; B - groups fed alcohol alone (PRF and
NPF) are compared with rats fed alcohol + acamprosate; values with the same superscripts are significantly dif-

ferent, p < 0.01.
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and by 41% in NPF rats. Acamprosate did not affect
the SOD activity in ethanol drinking rats.

CAT activity was diminished by 30% in PRF
rats and raised by 26% in NPF rats. Administration
of acamprosate had no effect on CAT activity in
PRF groups, while in NPF animals acamprosate
caused the reduction of enzyme activity by 47% as
compared to that in rats receiving ethanol alone.

The activity of GPx was decreased in both
groups of rats receiving ethanol, in PRF rats - by 64%,
while in NPF rats the decrease was small and insignif-
icant. Administration of acamprosate to PRF rats
caused a weak insignificant increase in this enzyme
activity as compared to that of the rats receiving
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ethanol alone. Conversely, in rats with lower ethanol
intake (NPF) a decrease in the GPx activity by 37%
after acamprosate administration was observed.

The activity of glutathione reductase (GR) was
decreased in PRF and NPF group by 51% and 30%,
respectively, as compared to controls. No changes in
GR activity in PRF rats administered acamprosate
were found. In NPF group the activity of the enzyme
was lowered by 33% after acamprosate administra-
tion.

The activity of GST in PRF group was
decreased by 31% in comparison with controls. In
NPF rats the decrease in GST activity was statisti-
cally insignificant. Acamprosate administration to
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Figure 1. Activity of antioxidant enzymes and p-nitrophenol hydroxylase in the liver of rats administered ethanol and acamprosate

PRF = ethanol-preferring rats; NPF = ethanol-non-preferring rats; AC = acamprosate; SOD = superoxide dismutase; CAT = catalase; GPx
= glutathione peroxidase; GR = glutathione reductase; GST = glutathione S-transferase; PNPH = p-nitrophenol hydroxylase. Results are
the mean of 6 rats + SD. * PRF and NPF groups are compared with control group (without AC treatment); A) PRF group is compared with
NPF and with PRF + AC groups; B) NPF group is compared with NPF+AC group. Values with the same superscripts are significantly dif-

ferent, p < 0.01
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NPF rats caused further reduction of GST activity
by 37%.

4-Nitrophenol hydroxylase activity was slight-
ly increased, by 20%, only in PRF rats receiving
ethanol alone. Acamprosate did not affect this
enzyme activity in rats drinking ethanol (Figure 1).

DISCUSSION

Two groups of rats (PRF and NPF) differing in
voluntary ethanol intake were used in this study and
the observed differences in alcohol drinking were in
line with our previous report (13). The ethanol
drinking pattern observed in the PRF group (> 4.0
g/kg/day) was in agreement with the suggestion, that
such level of drinking may be considered as “prefer-
ence” (21). The dose of AC (500 mg/kg, p.o.) was
chosen on the basis of the previous findings (12).
AC treatment led to a decrease in EtOH intake in
PREF rats, what was in accordance with antialcoholic
activity of acamprosate.

In the majority of chronic experiments with
ethanol feeding an increase in hepatic lipid peroxi-
dation in rodents was observed (22, 23). However,
numerous studies using ethanol-feeding models
failed to show the increase in lipid peroxidation (24,
25). It was demonstrated that enhanced liver lipid
peroxidation was not a constant feature after long
term ethanol consumption. It may be due to adaptive
processes that result in an enhanced antioxidant
defense (24).

In our experiment, enzymatically-driven
microsomal lipid peroxidation level in the liver of
rats fed ethanol alone was increased to a greater
extent than non-stimulated lipid peroxidation level.
The assay using enzymatic induction of lipid perox-
idation aimed at assessment of the resistance of
microsomes of rats fed ethanol to oxidative damage.
Our results demonstrated that the liver microsomes
of NPF rats exposed to the lower dose of ethanol
were less resistant because the level of lipid peroxi-
dation was higher in this group of rats. Thus, it could
be suggested that in ethanol-preferring rats some
adaptive mechanisms counteracting ethanol-related
increase in ROS level started earlier or were more
efficient than in NPF rats.

There was a difference in the TBARS level in
PRF and NPF rats administered acamprosate. The
increase in the level of enzymatically-driven lipid
peroxidation was observed only in livers of NPF rats
administered acamprosate. It should be emphasized
that this increase was consistent with the reduced
activity of hepatic antioxidant enzymes in the same

group.

Many authors reported a decrease in GSH level in
acute intoxication with ethanol (24). It is suggested
that GSH depletion is caused by the enhancement of
oxidative process mediated by Fe* ions liberated
from ferritin and hemosiderin by ethanol. Similarly
to that referring to antioxidant enzymes, the data on
liver GSH in animals chronically treated with
ethanol are inconsistent. In several experiments the
increased GSH concentration in livers of rats fed
ethanol was found (25, 26), some authors reported
that GSH levels remain unchanged (27). The present
studies confirmed the latter findings. According to
Oh et al. (25) these discrepancies in the GSH levels
might have originated from differences in the strain
of rodents used and the dose as well as duration of
ethanol administration.

The results of this study show that the activity
of hepatic antioxidant enzymes was decreased in
rats treated with ethanol alone as compared to that in
control group, except for catalase which activity was
raised in NPF rats. However, this decrease was
greater in ethanol-preferring rats (difference
insignificant only for SOD). This is consistent with
the free radical theory of ethanol toxicity - the
greater the dose of ethanol the greater generation of
ROS and inactivation of antioxidant enzymes.

Generally, it was evidenced that an acute
ethanol load elicits decreased efficiency of antioxi-
dant enzymes (24). However, there are some contro-
versies regarding the changes in antioxidant
enzymes activity in animals chronically exposed to
ethanol. It is suggested that chronic intake of ethanol
induces CYP2EI and triggers some adoptive mech-
anisms counteracting the impairment of cell antiox-
idant defense system including antioxidant enzymes
(1). We have found that in PRF rats GPx activity
was markedly reduced as compared to that in control
group. In rats with lower intake of ethanol (NPF) the
decrease in GPx activity was not statistically signif-
icant. In several experiments with a similar protocol
(i.e., 4 week ethanol drinking, 6-16 g/kg b.w./day) a
decrease in this enzyme activity was also found (25,
26). In two other reports the activity of GPx was not
changed (28, 29). On the contrary, the increase in
this enzyme activity was observed in rats receiving
ethanol in a dose of 5.0 g/kg for 5 and 6 weeks (30).
In our experiment GR activity was reduced to a
greater extent in PRF than in NPF rats. Similar
response of GR to ethanol was reported by
Mallikarjuna et al. (31). However, some authors
demonstrated an increase in GR activity in rats fed
ethanol for several weeks (25, 26). It was hypothe-
sized that the explanation might be the enhancement
of gene expression mediated by antioxidant respon-
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sive element (ARE) as a response to free radicals
generated by ethanol (32). The decrease in GST
activity in rats fed ethanol found in the present
experiment was not confirmed by reports of other
authors, who found that chronic treatment of rats
with ethanol resulted in the raise in GST activity
(25, 29, 31). It was suggested that the induction of
GST by ethanol could be considered as an adaptive
response to ethanol-induced oxidative stress.
Enhanced GST activity facilitates conjugation of
cytotoxic aldehydes, such as 4-hydroxynonenal,
with GSH and reduction of lipid hydroperoxides,
thus preventing lipid peroxidation (31).

The increase in CAT activity observed in our
experiment in rats treated with the lower dose of
ethanol, e.g., in NPF rats, was also reported by Oh et
al. (25). It is consistent with the interpretation that in
animals chronically intoxicated with ethanol some
adaptive mechanisms are triggered. However, in
PREF rats the activity of CAT was lower than in con-
trols, which could be due to CAT inactivation by
free radicals generated by the higher dose of ethanol.
SOD activity was decreased in both PRF and NPF
animals which was confirmed by other authors’
findings (23, 29, 31). The changes in SOD, CAT and
GPx in rats fed chronically ethanol reported in liter-
ature appear highly contradictory (24). It could be
suggested that the response of antioxidant enzymes
to chronic ethanol feeding depends on both, the dose
and the time of exposure.

In PRF rats acamprosate did not change the
activity of antioxidant enzymes. However, the activ-
ity of the majority of enzymes in NPF group was
decreased after acamprosate administration. SOD
was the only enzyme whose activity was not affect-
ed by acamprosate in any group of rats fed ethanol.
In the available literature we have found one report
concerning the effect of a acamprosate analogue,
taurine, on hepatic antioxidant enzymes in rats
intoxicated with ethanol. Pushpakiran et al. (33)
found about 50% decrease in the activity of SOD,
CAT and GPx after ethanol administration in a dose
of 6 g/kg/day and the recovery of all enzymes activ-
ity to the basal level in rats fed simultaneously tau-
rine for 28 days.

The results of the current study differ from
those presented by Pushpakiran et al. (33) and
Balkan et al. (34), however, direct comparison of the
data obtained in our experiment and those in the
reports cited is not justified because we used taurine
analogue, acamprosate, not taurine itself, which
might affect antioxidant enzymes in a different way.
In our experiment acamprosate, a potential source of
taurine (7), caused a decrease in antioxidant

enzymes activity only in rats fed the lower dose of
ethanol. The different response of antioxidant
enzymes to acamprosate in PRF and NPF rats was
apparently associated with the dose of ethanol, how-
ever, the mechanism of this relationship is not clear.
It could be suggested that this difference might be
due to some adaptive mechanism evoked by the long
term exposure to ethanol. Probably this adaptive
process appeared earlier in PRF rats consuming the
higher dose of ethanol. Hence, hepatic antioxidant
enzymes in this group were more resistant to
changes caused by acamprosate.

Chronic ethanol consumption leads to an
increase in the content of CYP2E] in the liver and
enhances its catalytic activity in the microsomal
fraction. In numerous reports induction of CYP2EI
in alcohol-fed animals has been shown to increase
the lipid peroxidation in hepatic microsomes (35). It
is known that CYP2EI plays an important role in the
generation of hydroxyethyl radical during chronic
feeding of ethanol and that ethanol-derived free rad-
icals are major contributors to ethanol-induced
oxidative stress and liver injury (1). In the current
experiment, the activity of 4-nitrophenol hydroxy-
lase (PNPH), which is known to be CYP2EI1
dependent, was assayed (36). The activity of this
enzyme was slightly increased only in PRF rats
administered ethanol alone. In the other groups no
changes in PNPH activity were observed. Similar
results were reported by Kerai et al. (22), who did
not observe any increase in PNPH activity in rats fed
ethanol in liquid diet for 28 days. As in the current
experiment, the increase in PNPH activity was
noticed only in PRF rats receiving higher dose of
ethanol, it could be suggested that the dose of
ethanol consumed by NPF rats was too low to
induce CYP2EI activity. The lack of marked
CYP2EI induction observed in our experiment, is
consistent with low level of unstimulated lipid per-
oxidation in the hepatic microsomes of rats chroni-
cally fed ethanol. Acamprosate did not affect the
activity of CYP2EI1 although it was shown that
acamprosate analogue, taurine, can inactivate this
isoform of cytochrome P450 (22).

Summing up, some consistency in the effects
of acamprosate on the parameters of alcohol-
induced oxidative stress in the liver was observed,
namely, an increase in the level of lipid peroxidation
and a decrease in the activity of antioxidant
enzymes. However, these effects were restricted to
rats non preferring alcohol. Hence, it could be
expected that, by analogy to our findings, these
adverse effects are not demonstrated in alcohol-
dependent humans treated with acamprosate.
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Abstract: Aminoglycoside antibiotics, including gentamicin, are widely used clinically in treatment of bacter-
ial infections. Unfortunately, their side effects, especially nephrotoxicity and ototoxicity remain a problem. It
is known that aminoglycoside antibiotics bind well to melanin biopolymer, but the relation between their affin-
ity to melanin and ototoxicity is not well documented. The aim of this work was to examine the impact of gen-
tamicin on antioxidant enzymes activity in cultured dark pigmented normal human melanocytes (HEMn-DP).
The WST-1 assay was used to detect gentamicin cytotoxic effect. The analyzed antibiotic induced concentra-
tion-dependent loss in melanocytes viability. The value of ECs, was found to be 7.5 mM. Significant changes
in the cellular antioxidant enzymes: SOD, CAT and GPx were stated in melanocytes exposed to gentamicin,
what may indicate the depletion of antioxidant defense system. It is concluded, that the results obtained in vitro
may explain a potential role of melanocytes and melanin in the causative mechanisms of aminoglycosides oto-

toxic effects in vivo.

Keywords: gentamicin; melanocytes; superoxide dismutase; catalase, glutathione peroxidase

Gentamicin is a widely used aminoglycoside
antibiotic, however the clinical usefulness of this
drug is limited due to its ototoxicity and nephrotox-
icity. Nephrotoxicity is reversible, but destruction of
auditory system is irreversible, resulting in perma-
nent hearing loss (1-5). Many studies have reported
that gentamicin-induced ototoxicity is mediated by
reactive oxygen species (ROS) (1, 6, 7).
Overproduction of ROS triggers the signaling path-
ways of cellular apoptosis, resulting in inner ear
damage. Several agents that scavenge ROS or block
their formation (8-10) may be considered as protec-
tive substances that reduce ROS-induced ototoxicity
(11, 12).

Melanin is a unique pigmented biopolymer
synthesized by melanocytes in human and various
animals species. In humans, melanin is found in the
skin, eyes, brain and ear (13, 14). Many investiga-
tors have demonstrated the affinity of natural and
synthetic melanins for various drugs by in vivo and
in vitro studies. It is generally accepted that the abil-
ity of melanin-containing tissue to accumulate and
retain these drugs is remarkable (15-17).

In view of the fact that melanin is an abundant
constituent of the inner ear, it seems reasonable to
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suspect that the specificity of gentamicin ototoxicity
may result from its ability to form a complex with
melanin. This phenomenon may contribute to the
accumulation of the antibiotic in the inner ear and
facilitate a toxic effect on surrounding cells.

Previously, we have documented that gentam-
icin, kanamycin, amikacin, neomycin, tobramycin
and netilmicin (18-23) form stable complexes with
model synthetic melanin in vitro. Our studies have
also demonstrated that amikacin (24), kanamycin
(25), netilmicin (26) and streptomycin (27) suppress
melanin biosynthesis and cause depletion of antiox-
idant defense system in human light pigmented
melanocytes (HEMa-LP).

To our knowledge, the effect of gentamicin on
biochemical processes in melanocytes has never
been reported. Therefore, we investigated the
antioxidant enzymes activity in gentamicin-treated
dark pigmented melanocytes HEMn-DP.

EXPERIMENTAL

Chemicals
Amphotericin B was purchased from Sigma-
Aldrich Inc. (USA). Gentamicin and neomycin sul-
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fates were obtained from Amara, Poland. Penicillin
was acquired from Polfa Tarchomin (Poland).
Growth medium M-254 and human melanocytes
growth supplement-2 (HMGS-2) were obtained
from Cascade Biologics (UK). Trypsin/EDTA was
obtained from Cytogen (Poland). Cell Proliferation
Reagent WST-1 was purchased from Roche GmbH
(Germany). The remaining chemicals were pro-
duced by POCH S.A. (Poland).

Cell culture

The normal human dark pigmented melano-
cytes (HEMn-DP, Cascade Biologics, UK) were
grown according to the manufacturer’s instruction.
The cells were cultured in M-254 medium supple-
mented with HMGS-2, penicillin (100 U/mL),
neomycin (10 pg/mL) and amphotericin B (0.25
pg/mL) at 37°C in 5% CO,. All experiments were
performed using cells in the passages 7-10.

Cell viability assay

The viability of melanocytes was evaluated by
the WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-
2H-5-tetrazolio]-1,3-benzene disulfonate) colori-
metric assay. WST-1 is a water-soluble tetrazolium
salt, the rate of WST-1 cleavage by mitochondrial
dehydrogenases correlates with the number of viable
cells. In brief, 5000 cells per well were placed in a
96-well microplate in a supplemented M-254
growth medium and incubated at 37°C and 5% CO,
for 48 h. Then, the medium was removed and cells
were treated with gentamicin solutions in a concen-
tration range from 0.01 to 10 mM. After 21 h incu-
bation, 10 pL of WST-1 were added to 100 uL of
culture medium in each well, and the incubation was
continued for 3 h. The absorbance of the samples
was measured at 440 nm with a reference wave-
lenght of 650 nm, against the controls (the same
cells but not treated with gentamicin) using a
microplate reader UVM 340 (Biogenet, Poland).
The controls were normalized to 100% for each
assay and treatments were expressed as the percent-
age of the controls.

Superoxide dismutase (SOD) assay

Superoxide dismutase (SOD) activity was
measured using an assay kit (Cayman, MI, USA)
according to the manufacturer’s instruction. This kit
utilizes a tetrazolium salt for the detection of super-
oxide radicals generated by xanthine oxidase and
hypoxanthine. One unit of SOD was defined as the
amount of enzyme needed to produce 50% dismuta-
tion of superoxide radical. SOD activity was
expressed in U/mg protein.

Catalase (CAT) assay

Catalase (CAT) activity was measured using
an assay kit (Cayman, MI, USA) according to the
manufacturer’s instruction. This kit utilizes the per-
oxidatic function of CAT for determination of
enzyme activity. The method is based on the reac-
tion of enzyme with methanol in the presence of an
optimal concentration of H,0,. The formaldehyde
produced is measured colorimetrically with 4-
amino-3-hydrazino-5-mercapto-1,2,4-triazole
(Purpald) as the chromogen. One unit of CAT was
defined as the amount of enzyme that causes the for-
mation of 1.0 nM of formaldehyde per minute at
25°C. CAT activity was expressed in nM/min/mg
protein.

Glutathione peroxidase (GPx) assay

Glutathione peroxidase (GPx) activity was
measured using an assay kit (Cayman, MI, USA)
according to the manufacturer’s instruction. The
measurement of GPx activity is based on the princi-
ple of a coupled reaction with glutathione reductase
(GR). The oxidized glutathione (GSSG) formed after
reduction of hydroperoxide by GPx is recycled to its
reduced state by GR in the presence of NADPH. The
oxidation of NADPH is accompanied by a decrease
in absorbance at 340 nm. One unit of GPx was
defined as the amount of enzyme that catalyzes the
oxidation of 1 nM of NADPH per minute at 25°C.
GPx activity was expressed in nM/min/mg protein.

Statistical analysis

In all experiments, the mean values of at least
three separate experiments (n = 3) performed in trip-
licate * standard error of the mean (SEM) were cal-
culated. The results were analyzed statistically using
GraphPad Prism 6.01 software. A value of p < 0.05
(*) or p < 0.005 (**), obtained with a Student’s 7-test
by comparing the data with those for control (cells
without gentamicin), was considered statistically
significant.

RESULTS AND DISCUSSION

Although aminoglycosides induce ototoxicity
and nephrotoxicity, they are still important antibi-
otics in current clinical practice and are widely used,
especially in developing countries. Aminoglyco-
sides exhibit broad-spectrum of antibacterial activi-
ty against enterococcal, mycobacterial, and especial-
ly multi-drug-resistant Gram-negative bacterial
infections (2, 3). Additionally, aminoglycosides are
commonly used in experimental ototoxicity models

(28-30).
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Figure 1. The effect of gentamicin on viability of melanocytes. Cells were treated with various concentrations of gentamicin (0.01-10 mM)
and examined by WST-1 assay. Data are expressed as % of cell viability. The mean values + SEM from three independent experiments (n
= 3) performed in triplicate are presented. * p < 0.05 vs. the control samples; ** p < 0.005 vs. the control samples
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Figure 2. The superoxide dismutase (SOD) activity in HEMn-DP cell after 24 h incubation with 0.075, 0.75 or 7.5 mM of gentamicin. Data
are the mean £ SEM of at least three independent experiments (n = 3) performed in triplicate. * p < 0.05 vs. the control samples; ** p <
0.005 vs. the control samples
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Aminoglycoside-induced ototoxicity progress-
es from high to low frequencies with an increase in
dose or duration of treatment (2). It has been sug-
gested that the relationship between the aminoglyco-
side treatment and pigmented tissue damage is
important to understand the ototoxic process. Many
drugs are known to be markedly accumulated and
retained for a considerable time by melanin-contain-
ing tissues and the retention of these compounds is
proportional to degree of pigmentation. The ability
of melanins to bind different drugs and transition
metal ions is probably of the greatest biological
importance (15).

The aim of the present study was to investigate
the effect of gentamicin on antioxidant defense sys-
tem in HEMn-DP melanocytes. Human melanocytes
develop from the neural crest, later becoming dis-
tributed in the epidermis, hair bulbs of the skin, the
uveal tract, the retinal pigment epithelium, the inner
ear, and the leptomeninges, which are collectively
regarded as pigmented organs. In this study, we
have used the culture of normal human melanocytes
as an in vitro experimental model system.

Melanocytes were treated with gentamicin in a
range of concentrations from 0.01 mM to 10 mM for
24 h (Fig. 1). The cell viability was determined by
the WST-1 test assay. At a relative low antibiotic
concentration (0.01 mM) the loss in cell viability
was not statistically significant. Cells treated with
0.1, 1.0, 2.5, 5.0, 7.5 and 10 mM of gentamicin for
24 h lost about 7.3, 12.5, 23.0, 36.3, 50.6 and 61.1%
in viability, respectively. The value of ECy, (i.e., the
amount of a drug that produces loss in cell viability
by 50%) was 7.5 mM.

The ototoxic effects of aminoglycosides have
been linked to oxidative stress. Aminoglycosides
such as gentamicin can react with iron to generate
ROS within the inner ear, with permanent damage to
hair cells and neurons (2, 28, 31). Overproduction of
ROS was suggested as an initial step in triggering
apoptotic pathways, resulting in cell death due to
aminoglycoside-induced ototoxicity. Methods of
blocking ROS in the cochlea under in vitro or in vivo
aminoglycoside exposure have been analyzed in
many studies (31, 32). Although the ototoxicity
caused by aminoglycosides is well documented, the
molecular mechanism have not yet been precisely
determined.

To explain the effect of the tested antibiotic on
ROS metabolism, the activities of the antioxidative
enzymes: SOD, CAT and GPx in melanocytes were
estimated.

SOD converts superoxide radical anion (O,* ~)
into hydrogen peroxide (H,O,). In the presence of

reduced transition metal ions (e.g., Fe** and Cu*),
hydrogen peroxide can be converted into highly
reactive hydroxyl radical (OH® -). Alternatively,
hydrogen peroxide may be converted into water by
the enzymes catalase or glutathione peroxidase (33).

Human melanocytes HEMn-DP were exposed
to gentamicin in concentrations of 0.075, 0.75 or 7.5
mM (EC,,) for 24 h. The first enzyme measured was
the SOD, i.e., the enzyme which catalyzes the for-
mation of hydrogen peroxide from superoxide anion.
Gentamicin enhanced the SOD activity in a concen-
tration-dependent manner (Fig. 2). Treatment of cells
with 0.75 and 7.5 mM of gentamicin, increased the
SOD activity by 37 and 66%, respectively, as com-
pared with the controls. CAT and GPx work togeth-
er to catalyze the breakdown of hydrogen peroxide,
produced by SOD, to water. The intracellular CAT
activity was significantly decreased by 24% for cells
treated with gentamicin in ECs, concentration (7.5
mM). (Fig. 3). After gentamicin treatment in concen-
trations of 0.075 and 0.75 mM, no significant
changes in cellular CAT activity were determined in
comparison with the control cells (Fig. 3). The activ-
ity of GPx increased by 26% for melanocytes treated
with gentamicin in concentration of 0.75 mM and
decreased by 24% for cells treated with the antibiot-
ic in concentration of 7.5 mM (ECs;), in comparison
to the control cells (Fig. 4).

ROS are products of normal cells metabolism
or xenobiotic exposure, and on concentrations, ROS
can be beneficial or harmful to cells and tissues. At
physiological low concentrations, ROS function as
redox messengers in intracellular signaling and regu-
lation while their excess induce oxidative modifica-
tion of cellular macromolecules, inhibit protein func-
tion and promote cell death (33). A protective effect
against drug-induced toxicity was provided by broad
spectrum ROS scavengers, such as low molecular
weight thiol compounds, vitamin E and salicylate
(34). Melanin is known to be a scavenger of free rad-
icals and it has been suggested that it possesses
superoxide dismutase activity (35). Moreover, this
biopolymer acts as a biochemical dustbin, mopping
up potentially toxic agents (16). Such properties may
be important for protecting the pigment cells as well
as surrounding tissues from the natural toxins, xeno-
biotics, oxygen and ROS (including free radicals)
(36). The ability of melanin to bind gentamicin used
in low concentrations may prevent the antibiotic-
induced toxic effects. The observed changes in
antioxidant enzymes activity in cells exposed to the
lowest gentamicin concentration (0.075 mM) con-
firmed that the antioxidative response is sufficient to
compensate the increase in ROS formation. Under
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certain conditions, when ROS production is
increased more strongly and persistently, the antiox-
idative response may not be sufficient to provide the
cellular redox homeostasis (33). The use of gentam-
icin in higher concentrations (0.75 and 7.5 mM)
induced depletion of antioxidant defense system and
therefore it could be further concluded that the pro-
longation of treatment with the high concentration of
gentamicin may augment the toxic effect of amino-
glycosides on pigmented tissues of the inner ear.

Previously, we documented that other amino-
glycoside antibiotics, namely kanamycin (25) and
streptomycin (27) caused depletion of antioxidant
status of light pigmented normal human melano-
cytes (HEMa-LP). The observed changes in antiox-
idant enzymes activity were much more higher than
in HEMn-DP cells under gentamicin treatment. The
results of our prior studies (25, 27) and those
described in this work reveal that the large amount
of melanin present in dark pigmented melanocytes
may prevent cells against the ROS induced toxic
effects. In addition, this phenomenon could be con-
firmed by the lower gentamicin cytotoxicity (ECs, =
7.5 mM) in regard to kanamycin (ECs, = 6.0 mM)
and streptomycin (ECs, = 5.0 mM), what may
explain a protective role of melanin in the mecha-
nisms of aminoglycosides ototoxic effects.

CONCLUSION

In summary, the present work provides the first
in vitro study of the mechanisms involved in gen-
tamicin-induced toxic effects on pigmented tissues
using HEMn-DP melanocytes. Based on the
obtained results concerning the effect of gentamicin
on antioxidant enzymes activity in melanocytes, the
potential role of melanin and melanocytes in the
mechanisms of aminoglycosides toxic effects direct-
ed to pigmented tissues was determined, especially
during high-dose and/or long-term therapy.
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Abstract: Uterine leiomyomas (fibroids) are the most common benign tumors in women of reproductive age.
Although the local application of low doses of methotrexate (MTX) is used as an effective treatment of the
myomas, myotrexate could be a promising new drug. This study investigated the cytotoxic and apoptotic effects
of both MTX and myotrexate in human fibroblasts derived from the uterine fibroids (T hES cell line). The
myotrexate adduct is an aqueous solution of MTX and L-arginine. Cells were treated with a graded concentra-
tions of both MTX and myothrexate (0.1-16 uM) for 24 h. The cytotoxicity was assayed by MTT test, apopto-
sis was evaluated by Annexin V-FITC assay and their possible role in apoptosis was determined by immnu-
flourescence. Both MTX and myotrexate induced apoptosis in T hES cells in a dose dependent manner (p <
0.001). Myotrexate significantly increased the percentage of AnnexinV positive cells, BAX/Bcl-2 ratio and sub-
sequent caspase-3 activation compared to the MTX treated cells (p < 0.05). Both MTX or myotrexate treatment
showed a diffuse staining of cytochrome c indicating its release from mitochondria to the cytosol, suggesting
that their mechanisms of action most likely involves the mitochondrial apoptotic pathway.

Keywords: MTX, myotrexate, apoptosis, Bcl-2 family, cytochrome ¢

Uterine leiomyomas (fibroids) are the most
common benign tumors in women of reproductive
age (1). Surgery, in the form of myomectomy or
hysterectomy, is currently the primary treatment for
uterine fibroids and so these tumors cause hysterec-
tomy in the 77% of cases (2). The initiating factors
that lead to the development of fibroids are not well
understood.

However, some evidence supports that ovarian
steroids, such as estrogen and progesterone, are the
important factors for leiomyoma growth (3). Over
the past decade, analogs of GnRH (Gonadotropin
Releasing Hormone) have been commonly used in
the conservative treatment of fibroids. Continuous
application of GnRH analogs reliably and
reversibly suppress the gonadal function causing
the condition similar to hypogonadotropic hypogo-
nadism and affect the reduction of the myoma size.
Some literature data indicate that their effect is
achieved by causing apoptosis in myomas (3), but

the role of apoptosis in uterine myomas is still
unknown. Our preliminary clinical study showed
that local application of low dose of methotrexate
(MTX) on the eighth day of menstrual cycle, during
three consecutive cycles, reduced the volume of
uterine myomas (20-30%), decreased menstrual
bleeding, improved hematological status of patients
and most importantly reduced incidence of hys-
terectomy and other invasive methods. This
approach did not cause menopause and its side
effects and was able to diminish the use of hormon-
al substitution therapy (4). MTX is used in the treat-
ment of numerous lymphomas, osteosarcomas,
breast, ovarian, lung and urinary bladder cancers
(5-10). Furthermore, it serves as an immunosup-
pressive agent in the treatment of rheumatoid arthri-
tis (11) and for hiperproliferative epidermal cell
disorders (psoriasis) (12) that are often associated
with the increased angiogenesis (13). MTX com-
petitively inhibits dihydrofolate reductase (DHFR)
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and it prevents folic acid’s participation in the de
novo synthesis of nucleic acids and proteins (14),
especially during the S-phase of the cell cycle.
Thus, it achieves the greatest toxic effect on rapid-
ly dividing cells. The exact mechanism of action of
MTX is not fully understood. Recently, Spurlock et
al. have shown that MTX did not induce apoptosis
directly, but through indirect cells stimulation that
led to the cells induced sensitivity to apoptosis, pos-
sibly through mitochondrial or death receptor path-
way through Jun N-terminal kinase (JNK)-depend-
ent mechanisms (15). Moreover, Savion et al.
showed that MTX was directly involvolved with
BAX regulation, a molecule of Bcl-2 family group
(16), and key regulators of the apoptotic processes
(17). One of MTX’s shortcomings is the ability of
tumor cells to continually develop resistance to it,
possibly due to the amplification of the DHFR
gene, or gene mutation that impairs MTX’s bind-
ing. Using computer programs (Discovery Studio
Visualizer and Hyperchem), we identified that by
binding to DHFR, MTX is placed into a large
hydrophobic niche (18, 19) where is predominantly
surrounded by amino acid residues of L-arginine in
a 1 : 5 ratio with which produces hydrogen and Wan
der Waals links which are most responsible for sec-
ondary and tertiary structure and hence activity of
the substrate.

Based on this observation, in our laboratory we
synthesized the adduct myotrexate as an aqueous
solution of MTX and L-arginine. Combining the
results of NMR spectroscopy, quantum mechanical
modelling and molecular dynamics simulations we
got 3D look of solvating myotrexate. The final
results show that the drug compounds in solution are
unaltered on a molecular level, but held each other
with strong inter- and intra-molecular hydrogen
bonding. Hydrogen bonds are particularly pro-
nounced between the deprotonated carboxyl groups
of MTX and guanidine group the three of the five
molecules of L-arginine.

Here, we investigated the effect of myotrexate
on the basic cell component of myomas fibroblasts.
Additionally, knowing that Bcl-2 group molecules
play a role in the MTX apoptotic signalling path-
way, we invstigated if that the same would apply to
myotrexate.

Myotrexate has been classified as A 61 K
31/195 (WIPO Patent Application WO/2003/
022260) by the International Patent Office.

The aim of this study was to investigate and
compare both the cytotoxic and apoptotic effects of
methotrexate and myotrexate and their potential role
in apoptosis.

MATERIALS AND METHODS

Cell line

T hES cell line (T hES; ATCC®: CRL-4003tm)
human fibroblasts derived from uterine fibroids,
immortalized with human telomerase reversible
transcriptase. Cells were grown in DMEM
(Dulbecco’s modified Eagle’s medium, Sigma
Aldrich, Germany) enriched with L-glutamine (2
mM/L, Invitrogen, USA), 1% nonessential amino
acids (Sigma Aldrich, Germany), 1% ITS (insulin
transferin supplement, BD Biosciences, USA), peni-
cillin-streptomycin (1 mM/L, Sigma Aldrich,
Germany) and 10% FBS (fetal bovine serum, Sigma
Aldrich, Germany). Cells were incubated at 37°C,
atmosphere of 5% CO,.

Pharmaceutical composition (myotrexate) was
prepared by dissolving 10 g of L- arginine in a 600
cm’® of distilled water and the vessel was softly
shaked until the L-arginine was completely dis-
solved. After that, 5 g of methotrexate was added
and the vessel was softly shaked until all methotrex-
ate was dissolved, and following that another 385
cm’ of distilled water was added and the obtained
solution was autoclaved. An aqueous solution of
methotrexate and L-arginine prepared in this manner
contains methotrexate and L-arginine in molar ratio
of 1:5.

Cells were treated with pre-sterilized meth-
otrexate (Sigma Aldrich, Germany) and/or myotrex-
ate in concentrations of 16, 12, 8, 4, 2, 1, 0.1 and
0.01 pM and L-arginine (Sigma Aldrich, Germany)
in concentrations 80, 60, 40, 20, 10, 5 and 0.5 pM.

Cytotoxic effect of these compounds was
examined by MTT cytotoxicity assay.

Briefly, in a 96-well microtiter plate, cells
were resuspended in a medium (1.8 x 10 cells/200
UL medium), treated with tested substances (MTX,
myotrexate and L-arginine in appropriate concen-
trations for 24 h), and incubated with MTT solu-
tion (5 mg/mL MTT dissolved in PBS) for 4 h
(37°C, 5% CO,). After centrifugation (1000 rpm, 5
min) and removal of supernatant, cells were resus-
pended in 200 pL DMSO (Sigma Chemical, St.
Louis, MO) per well and incubated for 30 min on a
shaker, at room temperature, and away from light.
The optical density (OD) was measured at wave-
length 595 nm (multimode microplate detector,
Zenuth 3100). The percentage of unviable cells
was calculated by the formula: Cytotoxicity (%) =
[1 - (experimental group (OD)) / (control group
(OD)) x 100].

Investigation of apoptotic effect of these sub-
stances was performed by Annexin V-FITC assay.
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Briefly, cells (5 x 10° cells/800 puL) were treated
with tested substances (MTX, myotrexate and L-
arginine in appropriate concentrations for 24 h),
then washed two times with cold PBS, and resus-
pended in a binding buffer. Annexin V-FITC (5 puL)
and propidium iodide (5 uL) was added in 100 uL of
that solution. After 15 min, away from light, and at
room temperature, 400 UL of binding buffer was
added and cells were analyzed on FACS (Becton-
Dickinson, FACS-Calibur, Montainview, CA, USA)
within one hour.

The mechanism of apoptotic effect was deter-
mined by fluorescence microscopy.

Briefly, cells (2 x 10 cells/400 uL) were seed-
ed on sterile cover slips and incubated for 24 h
(37°C, 5% CO,) to achieve confluence of 80%. Cells
were then treated with tested substances (MTX and
myotrexate) for 24 h, washed in PBS, and fixed in
4% paraformaldehyde, 23 mM NaH,PO, and 77 mM
Na,HPO, (pH 7.3). Cells were permeabilized for 10
min with 0.2% Triton-X/PBS, incubated for 30 min
in a blocking buffer (10% FCS, 0.1% Triton X-

100/PBS), washed and then incubated for one hour
with different anti-rabbit primary antibodies: Bax
(N20, sc-493, Santa Cruz Biotech. Inc.), Bcl-2
(DC21, sc-783, Santa Cruz Biotech. Inc.), caspase-3
(9661, Cell Signalling Technology, USA) and anti-
mouse antibodies: cytochrome-c (G7421, Promega,
USA), B-actin (A5316, Sigma Aldrich, Germany).
After the incubation, cells were washed three times
in PBS, incubated and stained with fluorescent sec-
ondary antibodies Alexa 488 (11001, Invitrogen,
USA) and Cy3 (C7604, Sigma Aldrich, Germany)
for one hour away from light at room temperature.
Fluorescence of the cells was observed at 100x and
400x magnifications on Olympus (model BX51).
ImageJ was used for image analysis.

Student’s f-test or nonparametric Mann-
Whitney’s sum rank tests were used for statistical
analysis. Results were analyzed by commercial
software package SPSS (version 13) and are pre-
sented as the mean £ SD (standard deviation) and
statistical significance was determined by the level
of p < 0.05.
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Figure 1. Cytotoxic and apoptotic effects of MTX, myotrexate and L-arginine on fibroblasts. Cells were treated with various concentra-
tions of MTX, myotrexate and L-arginine for 24 h at 37°C. A) represent cytotoxic effect of those agents and B) comparison of cytotoxic
effect of MTX and myotrexate. Cell viability was determined by MTT assay. Results are presented as the mean values of five independ-
ent experiments for each concentration + standard deviation (SD). Statistical analysis of the presented relationships was performed with
Student’s ¢ test for independent samples and statistical significance was determined by the level of p < 0.05. C) represent apoptotic effect
of those agents and D) comparison of apoptotic effect of MTX and myotrexate. FACS analysis was performed with Annexin V-FITC and
propidium-iodide. Results are presented as the mean values of three independent experiments for each concentration + SD. Statistical
analysis of the presented relationships was performed with Student’s ¢ test, the Mann-Whitney’s test for independent samples, and statis-

tical significance was determined by the level of p < 0.05
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Figure 2. Phenotypic changes associated with fibroblasts following the treatment. Phenotypic changes associated with fibroblasts follow-
ing 16 uM MTX and 16 uM myothrexate treatment are shown. Top panels depict FACS analysis of apoptosis of fibroblasts. A) and D)
show apoptosis of untreated cells (spontaneous apoptosis); B) and E) show apoptosis of cells treated with MTX, C) and F) show apopto-
sis of cells treated with myotrexate. Bottom panel depicts morphological changes following those treatments. G) shows monolayer of
untreated cells, H) MTX-treated, and I) myotrexate-treated. Morphological changes observed are associated with apoptosis. Cells were

observed under the magnification of 40x

RESULTS

The cytotoxic effects of methotrexate (MTX),
myotrexate and L-arginine on myoma fibroblasts

To investigate the cytotoxic activities of the
MTX, myotrexate and L-arginine on cultured
myoma fibroblasts, T hES cells were treated for 24
h with graded concentrations of those drugs (con-
centration range from 0.01 uM to 16 uM vs. from
0.5 uM to 80 uM) and the number of viable myoma
cells was determined by MTT assay. Differences in
the number of viable cells between the treated
groups and the cells grown in complete medium
were statistically significant (p < 0.05). MTX,
myotrexate and L-arginine significantly decreased
the cell numbers compared to control group
(untreated cells) in dose dependent manner (p <
0.001). It was noted that L-arginine exerted the
greatest cytotoxic effect on those cells. Cells treated
with myotrexate at concentrations of 2, 8, 12, and 16

UM showed statistically significant decrease in the
number of viable myoma cells compared to the cells
treated with the same concentrations of MTX (p <
0.05); hence, myotrexate exerted the greater cyto-
toxic effect on T hES cells compared to methotrex-
ate (Fig. 1).

MTX, myotrexate and L- arginine induce apopto-
sis in myomas fibroblasts

Since MTX, myotrexate and L-arginine
demonstrated the cytotoxic effects on myoma
fibroblasts, next we investigated the molecular type
of cell death induced in these cells by those agents.
Thus, T hES cells were treated with graded concen-
trations of MTX and myotrexate (from 1 to 16 uM)
and L-arginine (from 5 to 80 uM) for 24 h and apop-
tosis was assessed with Annexin V/propidium
iodide assay by flow cytometry. The apoptotic cells
were defined as any cells colocalized with Annexin
V in T hES cells. Induction of apoptosis by MTX,
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myotrexate and L-arginine in T hES cells was statis-
tically higher than in the control cells in a dose
dependent manner (p < 0.001). L-arginine had the
greatest effect of apoptosis on this cell line.
Furthermore, myotrexate treatment of T hES cells,
particularly at the concentrations of 8, 12 and 16
UM, significantly increased the percentage of
AnnexinV positive cells compared to the MTX
treated cells (Fig. 1).

Moreover, by examining the morphology of T
hES cells treated with both agents at the concentra-
tion of 16 UM, we observed typical apoptotic mor-
phological changes, such as cell rounding, conden-
sation and detachment of cells compared to control.
Here, myotrexate displayed stronger apoptotic mor-
phological changes in the cells compared to MTX
treated cells (Fig. 2). These results suggest myotrex-
ate to be more efficient apoptotic agent on the cul-
tured myoma fibroblasts than MTX.

MTX and myotrexate induce the decrease of Bcl-
2 expression

Cell survival is enabled by anti-apoptotic pro-
tein Bcl-2 through the inhibition of apoptosis. The

effects of different cytotoxic stimuli that induce
apoptosis in the cells also lead to the reduction of the
expression level of Bcl-2. Thus, we examined the
effects of MTX and myotrexate stimulation of T
hES cells on the total expression levels of endoge-
nous Bcl-2 by immunoflourescence. T hES cells
treated either with 8 UM concentration of MTX or
myotrexate demonstrated significantly reduced
expression of Bcl-2 compared to untreated cells by
19.54 £ 11.57% in MTX and by 71.35 + 8.7% in
myotrexate (p < 0.05; Fig. 3).

MTX and myotrexate treatment of myoma
fibroblasts induces the activation of pro-apoptot-
ic protein BAX

Apoptosis is regulated by Bcl-2 family members
such as proapoptotic BAX that upon induction of
apoptosis is activated and recruited into the outer
bilayer of mitochondria causing its permeabilization.
To investigate the possible role of BAX in our study,
we tested the effect of MTX and myotrexate on BAX
activation and its recruitment into the mitochondrial
outer membrane by immunoflourescence. Our results
demonstrated that both MTX and myotrexate at 8§ uM
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Figure 3. Total cell expression of anti-apoptotic protein Bcl-2 in the fibroblasts following MTX and myotrexate treatment. Cells were treat-
ed with 8§ uM MTX and 8 uM myotrexate for 24 h and assayed for Bcl-2 expression. Top panel depicts immunofluorescent staining in A)
untreated cells, B) cells treated with MTX, and C) cells treated with myotrexate. Cells were observed under 100x magnification. Bottom
panel (D) represents quantified immunostaining results on the same number of cells in three different visual fields with ImageJ software.
Cells treated with myotrexate demonstrated significantly reduced expression of Bcl-2 compared to MTX treated cells. Statistical analysis
was performed with Student’s ¢ test for independent samples and statistical significance was determined by the level of p < 0.05
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concentration induced the activation and incorporation
of pro-apoptotic BAX into mitochondria of T hES
cells compared to the control cells. Whereas the per-
cent of cells expressing active BAX in cells treated
with either MTX or myotrexate was 19.5 £+ 3.4% and
32.42 + 4.45%, respectively, the percent in untreated
cells was only 3.19 £ 1.1% (Fig. 4). Therefore, both
agents induced the activation of BAX; however, this
effect was significantly greater in myotrexate treated
cells compared to MTX treated cells.

MTX and myotrexate induce the release of
cytochrome ¢ from mitochondria

Following the stimulation of T hES cells with
either MTX or myotrexate, activation and recruit-
ment of BAX occurred into the mitochondrial outer
membrane. Therefore, we further examined the
effect of these drugs on the cytochrome c release
from mitochondria. This was examined by
immunoflourescence in both untreated cells and
cells treated with MTX and myotrexate at the con-
centration of 8 uM (Fig. 5). T hES cells stimulated

with either MTX or myotrexate showed diffuse
staining of cytochrome c indicative of its release
from mitochondria to the cytosol. However, the
untreated T hES cells demonstrated a punctuate
staining typical for the the cytochrome c localized in
the intermembranous space of mitochondria.

MTX and myotrexate induce caspase-3 depend-
ent apoptosis

To investigate the apoptotic mechanisms in the
cells treated with MTX and myothrexate, next we
analyzed the activation of caspase-3 by immuno-
flourescence. Our results demonstrated that both
MTX and myothrexate treatment of the cells caused
morphological changes in the cytoskeleton of
fibroblasts as well as the activation of caspase-3,
whereas the same changes were not detected in the
untreated cells (Fig. 6). Percentage of cells express-
ing the active caspase-3 when stimulated with either
MTX or myotrexate was 5.72 £ 2.05%, and 37.36 £+
5.3%, respectively (p = 0.008). The cell activation of
caspase-3 in untreated samples was 3.41 £ 1.13%, a
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Figure 4. Activation of pro-apoptotic protein BAX following MTX and myotrexate treatment. ThES cells were treated with 8 uM
methotrexate and 8 pM myotrexate for 24 h. Cells were then immunostained and signal quantified. Top panel represents immunostaining
of active form of pro-apoptotic BAX so that in A) are untreated cells, B) cells treated with MTX, and in C) cells treated with myotrexate.
Cells were observed under magnification 100x. Bottom panel (D) represents quantified immunostaining results on the same number of
cells in three different visual fields with ImageJ software. The activation of BAX was significantly greater in myotrexate-treated cells com-
pared to MTX-treated cells. Statistical analysis was performed with Student’s ¢ test for independent samples and statistical significance was

determined by the level of p < 0.05
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a Cytochrome ¢

Figure 5. Release of cytochrome ¢ from intramembranous space of mitochondria into the cytosol of fibroblasts. Cells treated with § uM
MTX and 8 pM myotrexate for 24 h were analyzed for cytochrome c release by immunofluorescence. A) shows untreated cells, B) cells
treated with MTX, and C) cells treated with myotrexate. Cells were observed under the 100x magnification

consequence of spontaneous apoptosis. Caspase-3
activation in cells treated with myotrexate was sta-
tistically significantly higher (p < 0.05) when com-
pared to the MTX treated cells.

DISCUSSION

Although methotrexate (MTX) is commonly
used in the treatment of numerous neoplastic and
hiperproliferative disorders, our preliminary clinical
study showed that local application of low dose of
this antimetabolite agent could be used for myomas
treatment as well. However, growing resistance to
MTX has been reported for various cancers (20, 21).
To overcome the resistance we sought to investigate
the possibility of improving MTX’s effects. Using
computer programs, we identified that MTX binds
L-arginine through hydrogen and Wan der Waals
forces in a 1 : 5 ratio inside a hydrophobic pocket of
the DHFR enzyme. Thus, we synthesized myotrex-
ate, an aqueous solution of MTX and L-arginine and
tested its efficacy on T hES cell line.

Analyzing the percentage of apoptotic cells, it
was observed that the adduct myotrexate exhibited
greater apoptotic effect compared to MTX and the
statistical significance of this difference rises with
increasing concentrations of these substances.
Spectrophotometric analysis of myotrexate showed
that MTX created strong hydrogen bonding with
three molecules of L-arginine leading to its confor-
mational change. As the concentration increases,
differences in their apoptotic effect also increase, so
might be assumed that two molecules of L-arginine,
which are free and the number of which increases
with rising concentration, contribute to the better
apoptotic effect of myotrexate. MTX, which is in
clinical use, is actually the sodium salt of MTX. By
replacing NaOH with L-arginine to make it soluble
(because MTX is insoluble in water) we have con-
tributed to the improvement of its efficiency.

L-arginine is a basic semi-essential amino acid
serving as a precursor for many important molecules
for cellular physiology (proline, glutamate, creatine,
nitric oxide (NO) and polyamines), making L-argi-
nine one of the most versatile amino acids (22). The
plasma concentration of L-arginine is about 200
pmol/L in humans (23). In some cell types, L-argi-
nine, NO, and polyamines stimulate cell prolifera-
tion and reduce apoptosis (24) and inhibit cell pro-
liferation and promote apoptosis in others (25, 26).
Chen et al. have shown that supraphysiological con-
centration of L-arginine led to apoptosis of human
choriocarcinoma cells (cell line JAR) (27) but this
study have shown that L-arginine added to the cul-
ture media at subphysiological concentrations
induced apoptosis in T hES cells as well.

Methotrexate’s immunosuppressive, anti-
inflammative, anti-proliferative and cytotoxic
effects are consequences of apoptosis (28, 29).

Some studies have shown that MTX could
induce apoptosis through Fas / Fas- ligand system
(30) and the others demonstrated that it activated
apoptosis via the mitochondrial pathway (27).
Morphological changes, including a notable
decrease in cell size, increase in granularity - phe-
nomena that may implicate apoptotic death, cell
shrinkage and cytoplasmic condensation as well as
Annexin V test showed that apoptotic process was
notable in T hES cells after treatment by MTX and
myotrexate. In cells treated with tested substances,
the release of cytochrome c¢ from intermembra-
nous space of mitochondria into the cytosol was
observed, suggesting that apoptosis in these cells
was realized through, so called, internal, mito-
chondrial pathway. After release into the cyto-
plasm, cytochrome c forms a complex with an
enzyme called apoptosis activating factor-1 (Apaf-
1) with consumption of energy (ATP). The com-
plex binds to caspase-9, forming the apoptosome -
oligomeric complex of cytochrome c/Apaf-1/cas-



462 TATJANA KASTRATOVIC et al.

pase-9. This complex primarily activates caspase-
9, then binds and activates the effector caspase-3
and -7 (31). Activation of effector caspase-3 fur-
ther causes the splits of actin fibers, subsequently
leading to the formation of apoptotic bodies con-
firming that cells are succumbed to irreversible
apoptotic process. The statatistically significant
increase in Annexin V positive cells, levels of

activated caspase-3 and pronounced morphologi-
cal changes in myotrexate treated cells indicated a
stronger apoptotic effect of this agent compared to
MTX. One of the key regulators of the apoptotic
process is the Bcl-2 family proteins consisting of
two opposing groups: death antagonists (Bcl-2,
Bcel-XL, Mcl-1) and death agonists (Bax, Bak,
Bcl-XS) (32) so, cell apoptosis depends on the
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Figure 6. Activation of effector caspase-3 apoptotic protein following MTX and myotrexate treatment. Cells were treated with 8 UM MTX
and 8 UM myotrexate for 24 h and assayed for caspase-3 activation and their morphological changes by immunofluorescence. On top fig-
ure, panels (A-C) depict unterated cells, (D-F) cells treated with MTX, and (G-I) cells treated with myotrexate. Left column (A, D, G) was
stained with B-actin, middle column (B, E, H) was stained for anti-active caspase-3, and left column (C, F, I) present an overlay of those
two. Cells were observed under 400x magnification. Bottom figure (J) represents quantified immunostaining results on the same number
of cells in three different visual fields with ImagelJ software. Caspase-3 activation in cells treated with myotrexate was statistically signif-
icantly higher compared to the MTX treated cells. Statistical analysis was performed using the Mann-Whitney’s test for independent sam-

ples and statistical significance was determined by the level of p < 0.05



Methotrexate and myotrexate induce apoptosis in human myoma fibroblasts...

ratio of these protein groups (33). However, the
exact mechanism of apoptosis regulation by Bcl-2
family is still unknown and being intensively
investigated (34, 35). The fibroid cells have
demonstrated increased Bcl-2 protein expression
compared to the normal myometrial cells of the
same uterus and the enlarged expression of Bcl-2
protein in leiomyoma cells is the molecular base
for the increased proliferation of myocytes similar
to the smooth-muscle cells of myometrium (36).

The influence of sex hormones (estrogen and
progesterone) on the expression of pro- and anti-
apoptotic proteins is well known (37-39). The treat-
ment of myomas with GnRH was based on the indi-
rect influence on these proteins and predominantly
by reducing the level of sex hormones (40).
However, in this in vitro investigation we presented
a completely different approach to the treatment of
fibroids by direct action on Bcl-2 protein family.
Our results showed that MTX and myotrexate
reduced the level of anti-apoptotic (Bcl-2),
increased the level of pro-apoptotic proteins and the
increase in BAX/Bcl-2 ratio led cells to apoptosis.
Myotrexate was more efficient with the increase of
this ratio; therefore, it could be a better potential
apoptotic agent. So far, there are no known literature
data on the effects of MTX and myotrexate on T
hES cell line.

CONCLUSION

The findings presented in this study indicated
that MTX and myotrexate exhibited cytotoxic effect
on myoma fibroblasts (T hES cell line) and this
effect was achieved by the induction of apoptosis
via caspase dependent mitochondrial pathway and
due to an imbalance in the expression of pro-apop-
totic and anti-apoptotic proteins.

Myotrexate exhibited greater apoptotic effect
compared to MTX partially due to conformational
changes and partially due to the effect of free mole-
cules of L-arginine.

This study opens up the possibility for further in
vivo investigations that could indicate that myotrex-
ate might be a potential new drug not only for the
conservative treatment of myomas, but also as a pos-
sibility of applying this drug in the treatment of the
other disorders where MTX is commonly used.
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Abstract: Bis diacetylpyridine derivative (1) was prepared and reacted with different halo-compounds, name-
ly: epichlorohydrine and dichloroethyl ethyl ether to give 2a,b, respectively, and reacted with morpholine and
piperidine to afford Mannich products 3a,b, successively. Compound 4 was synthesized by reaction of 1 with
potassium thiocyanate. Reaction of 4 with 4-chlorobenzaldehyde, glucose and phthalic or maleic anhydrides
produced 5, 6 and 7a,b. Compound 1 reacted with 4-chlorobenzaldehyde to give bisanylmethylene derivative
8. Also some new compounds 9-11 were prepared from the reaction of compound 8 with nucleophiles, name-
ly: hydrazine hydrate, thiosemicarbazide and hydroxylamine via Michael condensation reaction. On the other
hand, compound 8 was reacted with cyclohexanone and cyclopentanone to give 12a,b. The structures of newly
synthesized products have been deduced on the basis of elemental analysis and spectral data. Some synthesized
compounds were screened for their antimicrobial evaluation. Among the assayed compounds, derivatives 3b

and 12a showed the highest antimicrobial activities.

Keywords: bis diacetylpyridines, aminothiazoles, pyrazoles, oxazoles, antimicrobial evaluation

1,4-Dihydropyridine is a six membered aro-
matic ring containing N atom at the 1* position and
is saturated at the 1* and 4" positions. Literature sur-
vey exhibits that the pyridine derivatives possess
wide spectrum of biological activities such as the
calcium channel antagonistic effect (1), antianginal
(2-4), antitumor (5), anti-inflammatory (6, 7), anti-
tubercular (8), analgesic activity (9), antithrombotic
(10, 11), vasolidation (12), anticonvalsant (13) and
stress protective (14). Also, various pyridine deriva-
tives have been synthesized as insecticides (15, 16),
antifungal (17), antibacterial (18), herbicidal (19)
and antimicrobial agents compared to oxytetracy-
cline (20). Many studies have been devoted to the
photochemistry and photooxidation of symmetrical
dihydropyridine drugs such as lacidipine (21),
nifedipine (22-26) and unsymmetrical dihydropyri-
dine such as amlodipine (27), nisoldipine (28), nil-
vadipine (29) and nimodipine (30). As regards bio-
logical implications, thiosemicarbazide complexes
have been intensively investigated for their antiviral,
anticancer, antitumor, antimicrobial, antiamoebic
and anti-inflammatory activities (31-41). This infor-
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mation encouraged us to synthesize new pyridine
compounds to evaluate their antimicrobial activity
against different strains of Gram positive, Gram
negative bacteria and fungi.

EXPERIMENTAL

Chemistry

All melting points are uncorrected and were
recorded in open glass capillary tubes using an
Electrothermal TA 9100 digital melting point appa-
ratus. Elemental microanalyses were carried out at
Micro Analytical Unit, Central Service Lab (CSL),
National Research Centre (NRS), using Vario
Elementar apparatus and were found within * 0.4%
of the theoretical values. IR spectra were recorded
on Jasco FT/IR, Fourier Transform, infrared spec-
trometer (Japan), while 'H- and “C-NMR spectra
were obtained using JEOL EX-270 and 500 using
available solvent and TMS as internal standard.
Mass spectra were recorded on Finnigan Mat SSQ-
7000 mass spectrometer at CSL, NRS. TLC on sili-
ca gel-60, F254, aluminum sheets were also used.
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4-(4-Chloranylphenyl)-2,6-dimethyl-3,5-bis-(1-
oxidanylideneethyl)-1,4-dihydropyridine (1)

A mixture of 4-chlorobenzaldehyde (0.01
mol), acetylacetone (0.02 mol) and 1 g ammonium
acetate in 30 mL H,O was refluxed for 6 h. The solid
formed was filtered off and crystallized from diethyl
ether.

Yield: 60%; m.p. 180-182°C. IR (KBr, cm™):
3153 (NH), 1700, 1703 (2C=0). 'H NMR (DMSO-
dg, 8, ppm): 1.70 (s, 6H, 2CH,), 2.30 (s, 6H, 2CH,),
4.43 (s, 1H, pyridine-H), 7.00 (d, J/ = 9 Hz, 2H, Ar-
H), 7.15 (d, J = 9 Hz, 2H, Ar-H), 9.71 (s, 1H, NH,
D,0 exchangeable). *C NMR (DMSO-d,, 8, ppm):
8.70 (2CH;), 23.10 (2CH,;), 26.40 (CH), 109.60
(2C=C), 128.30-135.80 (6 Ar-C), 140.40 (2C=0),
196.50 (2C=0). MS m/z (%): 303 (100), 192 (70).
Analysis: caled. for C;H,CINO, (303.78): C,
67.21, H, 5.97, N, 4.61%; found: C, 67.00; H, 5.93,
N, 4.65%.

General procedure for synthesis of compounds 2

A mixture of compound 1 (3.03 g, 0.01 mol)
and sodium hydroxide (0.80 g, 0.02 mol) in ethanol
(20 mL) was stirred at 60°C for 3 h. The reaction
mixture was cooled and then epichlorohydrine or
dichloroethyl ethyl ether (0.02 mol) was added. The
reaction mixture was heated under reflux for 3 h,
then evaporated. The residue was washed with H,O,
filtered off and recrystallized from ethanol.

4-(4-Chloranylphenyl)-2.6-dimethyl-3,5-bis(1-
oxidanylideneethyl)-1-(oxiran-2-yl-methyl)-1,4-
dihydropyridine (2a)

Yield: 52%; m.p. 162-164°C. IR (KBr, cm™):
1698, 1703 (2C=0). 'H NMR (DMSO-dq, §, ppm):
1.71 (s, 6H, 2CH,, acetyl), 2.30 (s, 6H, 2CH,,
acetyl), 2.51 (m, 2H, CH,, oxiranyl ring), 2.77 (m,
1H, CH-oxiranyl ring), 2.80 (m, 2H, CH,), 4.43 (s,
1H, pyridine-H), 7.00 (d, J = 9 Hz, 2H, Ar-H), 7.15
(d, J = 9 Hz, 2H, Ar-H). *C NMR (DMSO-d, 9,
ppm): 16.50 (2CH,), 23.00 (2CH,), 26.70 (CH-pyro-
line), 44.61 (CH,-oxiranyl ring), 50.30 (CH, oxi-
ranyl ring), 52.11 (CH,), 109.60 (2C=C), 128.80-
135.80 (6 Ar-C), 140.40 (2C=C), 196.50 (2C=0).
MS m/z (%): 359 (50), 303 (100). Analysis: calcd.
for C,,H,,CINO; (359.84): C, 66.75, H, 6.16, N,
3.89%; found: C, 66.80, H, 6.20, N, 4.10%.

1-(2-[(2-Chloranylethyl)oxidanyl]ethyl)-4-(4-
chloranylphenyl)-2,6-dimethyl-3,5-bis(1-oxi-
danylideneethyl)-1,4-dihydropyridine (2b)

Yield: 51%; m.p. 126-128°C. IR (KBr, cm™):
1690, 1700 (2C=0). 'H NMR (DMSO-dq, 8, ppm):
1.71 (s, 6H, 2CHj;), 2.30 (s, 6H, 2CHs), 2.8 (t, 2H,

CH,N), 3.51 (t, 2H, CH,0), 3.55 (t, 2H, CH,CI),
3.61 (t, 2H, CH,0), 4.43 (s, 1H, pyridine-H), 7.00
(d, J =9 Hz, 2H, Ar-H), 7.15 (d, J = 9 Hz, 2H, Ar-
H), 9.71 (s, 1H, NH, D,O exchangeable). MS m/z
(%): 410 (70), 303 (100). Analysis: calcd. for
C,,H,sCLLNO; (410.33): C, 61.47, H, 6.14, N,
3.41%; found: C, 61.44, H, 6.14, N, 3.50%.

General procedure for synthesis of compounds 3

Formaldehyde (1 mL, 40%) was added to com-
pound 1 (3.03 g, 0.01 mol) in dry ethanol (30 mL),
and the reaction mixture was heated for 5 min,
cooled, then secondary amine, morphine or piperi-
dine (0.02 mol) was added and the reaction mixture
was stirred overnight at room temp. The formed
solid was filtered off, dried and recrystallized from
methanol.

4-[(4-Chloranylphenyl)-2,6-dimethyl-3,5-bis(1-
oxidanylideneethyl)pyridine-1-(4H)-yl) ]-morpho-
line (3a)

Yield: 67%; m.p. 173-175°C. IR (KBr, cm™):
1698, 1703 (2C=0). 'H NMR (DMSO-dq, 8, ppm):
1.66 (s, 6H, 2CH,), 2.30 (s, 6H, 2CHs), 2.37 (t, 4H,
morpholine-H), 3.67 (t, 4H, morpholine-H), 3.95 (s,
2H, N-CH,-N), 4.43 (s, 1H, pyridine-H), 7.00 (d, J =
9 Hz 2H, Ar-H), 7.15 (d, J = 9 Hz, 2H, Ar-H). “°C
NMR (DMSO-d, 8, ppm): 16.20 (2CH,), 23.00
(2CH,), 26.70 (CH-pyridine), 54.70 (2C-morpho-
line), 69.70 (CH,), 71.5 (2C-morpholine), 109.00
(2C=0), 128.80-135.60 (6 Ar-C), 140.40 (2C=C),
196.50 (2C=0). MS m/z (%): 402 (70), 303 (100).
Analysis: caled. for C,,H,,CIN,O, (402.91): C,
65.58, H, 6.15, N, 6.92%; found: C, 65.66, H, 6.75,
N, 7.00%.

4-[(4-Chloranylphenyl)-2,6-dimethyl-3,5-bis(1-
oxidanylideneethyl)-1-(piperidin-1-yl-methyl)]-
1,4-dihydropyridine (3b)

Yield: 65%; m.p. 121-123°C. IR (KBr, cm):
1698, 1703 (2C=0). 'H NMR (DMSO-d,, 6, ppm):
1.17-1.49 (m, 6H, piperidine-H), 1.70 (s, 6H, 2CHj,),
2.30 (s, 6H, 2CHs;), 2.20-2.45 (m, 4H, piperidine-H),
3.72 (s, 2H, N-CH,-N), 4.43 (s, 1H, pyridine-H),
7.00 (d, J =9 Hz 2H, Ar-H), 7.15 (d, J/ =9 Hz 2H,
Ar-H). MS m/z (%): 400 (80), 303 (100). Analysis:
caled. for C,;H,,CIN,0, (400.92): C, 68.90, H, 7.29,
N, 6.99%; found: C, 68.00, H, 7.32, N, 6.98%.

3,5-Bis(2-amino-1,3-thiazol-5-yl)-4-(4-chloran-
ylphenyl)-2,6-dimethyl-1,4-dihydropyridine (4)
A mixture of compound 1 (3.03 g, 0.01 mol)
and potassium thiocyanate (1.94 g, 0.02 mol) was
refluxed in glacial acetic acid containing 4 mL
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bromine for 3 h. The reaction mixture was cooled
and poured into ice water. The formed solid was fil-
tered off, dried and crystallized from dioxane.

Yield: 60%; m.p. 202-204°C. IR (KBr, cm™):
3350 (NH,), 3240 (NH). 'H NMR (DMSO-dq, 9,
ppm): 1.71 (s, 6H, 2CHj,), 4.00 (s, 4H, 2NH,, D,O
exchangeable), 4.43 (s, 1H, pyridine-H), 7.00 (d, J =
9 Hz, 2H, Ar-H), 7.15 (d, J = 9 Hz, 2H, Ar-H), 7.50
(s, 2H, thiazole-H), 9.8 (s, 1H, NH, D,O exchange-
able). *C NMR (DMSO-d,, 6, ppm): 18.80 (2CH,),
43.40 (CH-pyridine), 107.80 (2C=C), 108.00
(2C=0), 128.80-130.60 (6Ar-C), 130.90 (2C=0C),
139.00 (2CH), 172.00 (2C=N). MS m/z (%): 415
(85), 304 (100). Analysis: calcd. for C,,H CIN;S,
(415.96): C, 54.86, H, 4.36, N, 16.84%; found: C,
54.80, H, 4.40, N, 16.80%.

3,5-Bis(4-chloranylbenzylidene)amino-1,3-thia-
zole-5-yl)-4-(4-chloranylphenyl)-2,6-dimethyl-
1,4-dihydropyridine (5)

A mixture of compound 4 (4.15 g, 0.01 mol)
and 4-chlorobenzaldehyde (5.60 g, 0.02 mol) in
acetic anhydride (30 mL) was refluxed for 11 h. The
solution was cooled, poured into cold water and the
precipitate formed was crystallized from glacial
acetic acid.

Yield: 45%; m.p. 255-257°C. IR (KBr, cm™):
3230 (NH). 'H NMR (DMSO-d,, 8, ppm): 1.70 (s,
6H, 2CH,), 4.43 (s, 1H, pyridine-H), 6.92-7.61 (m,
12H, Ar-H), 8.00 (s, 2H, thiazole-H), 8.10 (s, 2H,
Schiff’s base), 9.8 (s, 1H, NH, D,0 exchangeable).
Analysis: caled. for C3;H,,CLNSS, (660.64): C,
63.74,H, 4.25, N, 10.93%; found: C, 64.00, H, 4.50,
N, 10.90%.

3,5-Bis[(2,3,4,5,6-pentahydroxyhexylidine)
amino-1,3-thiazol-5-yl]-4-(4-chloranylphenyl)-
2,6-dimethyl-1,4-dihydropyridine (6)

Compound 4 (4.15 g, 0.01 mol) and glucose
(7.20 g, 0.2 mol) in ethanol (30 mL) containing 1
mL glacial acetic acid was heated with continuous
stirring at 80°C for 6 h. The formed precipitate was
filtered off, dried and recrystallized from ethanol.

Yield: 63%; m.p. 188-190°C. IR (KBr, cm™):
3451-3219 (br, OH and NH), 1590 (CH=N). 'H
NMR (DMSO-dg, 8, ppm): 1.71 (s, 6H, 2CH;),
3.32-3.92 (m, 12H glucose-H), 4.43 (s, 1H, pyri-
dine-H), 4.19-5.00 (m, 10 H, OH, D,O exchange-
able), 6.94 (d, J = 9 Hz, 2H, Ar-H), 7.00 (d, J =9
Hz, 2H, Ar-H), 7.40 (2H, CH=N), 8.00 (s, 2H, thi-
azole-H), 9.80 (1H, NH, D,O exchangeable).
Analysis: calcd. for C;;H;3CIN;O,,S, (739.82): C,
53.39, H, 5.74; N, 9.73%; found: C, 53.52; H, 5.70,
N, 9.70%.

General procedure for synthesis of compounds 7

To a solution of compound 4 (4.15 g, 0.01 mol)
in acetic acid, phthalic anhydride or maleic anhy-
dride (0.02 mol) was added. The mixture was
refluxed for 8 h, then poured into ice water. The
formed solid was filtered off, washed with water and
recrystallized from dioxane.

4-(4-Chloranylphenyl)-3,5-bis[2-(2,7-dioxidanyli-
dene-2,7-dihydroindolin-1-yl)-1,3-thiazol-5-yl]-
2,6-dimethyl-1,4-dihydropyridine (7a)

Yield: 55%; m.p. > 300°C. IR (KBr, cm™):
3235 (NH), 1698 (2C=0), 1702 (2C=0). 'H NMR
(DMSO-dy, 8, ppm): 1.70 (s, 6H, 2CH,), 4.43 (s, 1H,
pyridine-H), 7.10-8.20 (m, 12H, Ar-H + 2H, pyra-
zole-H), 9.82 (s, 1H, NH, D,0O exchangeable). MS
ml/z  (%): 676 (27). Analysis: calced. for
C4H,,CIN,O,S, (676.17): C, 62.17, H, 3.28, N,
10.36%. found: C, 62.20, H, 3.30, N, 10.30%.

4-(4-Chloranylphenyl)-3,5-bis[2-(2,5-dioxidanyli-
dene-2,5-dihydro-1H-pyrol-1-yl)-1,3-thiazol-5-
yl]-2,6-dimethyl-1,4-dihydropyridine (7b)

Yield: 69%; m.p. 285-287°C. IR (KBr, cm™):
3230 (NH), 1701 (2C=0), 1705 (2C=0). 'H NMR
(DMSO-d,, 8, ppm): 1.70 (s, 6H, 2CH,), 4.43 (s,
1H, pyridine-H), 6.12 (d, J =5.2 Hz, 2H, vinylic-
H), 6.32 (d, J = 5.2 Hz, 2H, vinylic-H), 7.00 (d, J
=9 Hz 2H, Ar-H), 7.15 (d, J = 9 Hz, 2H, Ar-H),
7.50 (s, 2H, thiazole-H), 9.80 (s, 1H, NH, D,O
exchangeable). MS m/z (%): 576 (60). Analysis:
caled. for C,;H,;CIN;O,S, (5§76.48): C, 56.30, H,
3.15, N, 12.20%; found: C, 56.33, H, 3.13, N,
12.25%.

4-[(4-Chloranylphenyl)-2,6-dimethyl-3,5-bis(4-
chloroanylphenyl)-1-oxidanylideneprop-2-enyl]-
1,4-dihydropyridine (8)

A mixture of compound 1 (3.03 g, 0.01 mol)
and 4-chlorobenzaldehyde (2.24 g, 0.02 mol) in
ethanol containing 1 g sodium hydroxide was
refluxed for 3 h, then cooled and poured into water.
The precipitate formed was filtered off and recrys-
tallized from dioxane.

Yield: 50%; m.p. 162-164°C. IR (KBr, cm™):
3250 (NH), 1698 (C=0). 'H NMR (DMSO-d,, 9,
ppm): 1.71 (s, 6H, 2CHj;), 4.45 (s, 1H, pyridine-H),
7.00-7.26 (m, 12H, Ar-H), 7.33 (d, J = 12.9 Hz, 2H,
methylene), 7.96 (d, J = 12.9 Hz, 2H, methylene),
9.80 (s, 1H, NH, D,O exchangeable). MS m/z (%):
548 (85), 437 (100). Analysis: caled. for
C;H,,C,NO, (548.88): C, 67.83, H, 4.41, N,
2.55%; found: C, 67.87, H, 4.38, N, 2.60%.
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4-(4-Chloranylphenyl)-2,6-dimethyl-3,5-bis(chlo-
ranylphenyl)-1H-pyrazol-3-yl)-1,4-dihydropyri-
dine (9)

A mixture of compound 8 (5.48 g, 0.01 mol)
and hydrazine hydrate (1 mL, 0.03 mol) was
refluxed in absolute ethanol (30 mL) for 4 h. The
precipitated solid was filtered off, and crystallized
from methanol.

Yield: 45%; m.p. 204-206°C. IR (KBr, cm™):
3160, 3217, 3220 (3NH). 'H NMR (DMSO-d,, 9,
ppm): 1.70 (s, 6H, 2CHy;), 4.42 (s, 1H, pyridine-H),
6.50 (s, 2H, pyrazole-H), 7.00-7.42 (m, 12H, Ar-H),
9.80 (s, 1H, NH, D,0O exchangeable), 10.20 (s, 2H,
NH-pyrazole, D,0 exchangeable). MS m/z (%): 572
(55), 461 (100). Analysis: calcd. for C;H,,CI;N;
(572.91): C, 64.99, H, 4.22, N, 12.22%; found: C,
65.20, H, 4.20, N, 22.40%.

3,5-Bis[1-(aminosulfanylidine)methyl-5-(4-chlo-
ranylphenyl)-1H-pyrazol-3-yl]-2,6-dimethyl-4-(4-
chloranylphenyl)-1,4-dihydropyridine (10)

A mixture of compound 8 (5.48 g, 0.01 mol)
and thiosemicarbazide (1.80 g, 0.02 mol) was
refluxed in 30 mL ethanol containing sodium
hydroxide (0.80 g, 0.02 mole) for 4 h. The reaction
mixture was cooled, poured onto water and the
formed solid was filtered off and recrystallized from
dioxane.

Yield: 50%; m.p. 228-230°C. IR (KBr, cm™):
3150 (NH), 3360-3365 (2NH,), 1228 (C=S). 'H
NMR (DMSO-dg, 8, ppm): 1.70 (s, 6H, 2CH,), 2.00
(s, 4H, 2NH,, D,0O exchangeable), 4.42 (s, 1H, pyri-
dine-H), 6.50 (s, 2H, pyrazole-H), 7.00-7.62 (m,
12H, Ar-H), 9.80 (s, 1H, NH, D,O exchangeable).
3C NMR (DMSO-d,, 8, ppm): 18.80 (2CHj), 43.40
(CH-pyridine), 104.00 (2CH, pyrazole), 107.80
(2C=C), 128.40-135.80 (18Ar-C), 130.70 (2C=0),
134.00 (2C=C), 150.00 (2C=C), 190 (2C=S). MS
m/z (%): 691 (60), 580 (100). Analysis: calcd. for
C3H,CINLS, (691.09): C, 57.35, H, 3.79, N,
14.19%; found: C, 57.40, H, 3.80, N, 14.22%.

4-(4-Chloranylphenyl)-2,6-dimethyl-3,5-bis(4-
chloranylphenylisoxazol-3-yl)-1,4-dihydropyri-
dine (11)

A mixture of compound 8 (5.48 g, 0.01 mol)
and hydroxyl amine hydrochloride (1.40 g, 0.02
mol) was refluxed in 30 mL pyridine for 3 h. The
reaction mixture was cooled, poured into cold water
and neutralized with dil. HCI. The formed solid was
filtered off and recrystallized from acetic acid.

Yield: 45%; m.p. 150-152°C. IR (KBr, cm™):
3145 (NH). 'H NMR (DMSO-dg, 8, ppm): 1.70 (s,
6H, 2CH;), 4.45 (s, 1H, pyridine-H), 6.55 (s, 2H,

isoxazole-H), 7.00-7.45 (m, 12H, Ar-H), 9.80 (s,
1H, NH, D,0O exchangeable). MS m/z (%): 574 (30),
463 (100). Analysis: calcd. for C;H,,CL,N,0,
(574.88): C, 64.77, H, 3.86, N, 7.31%; found: C,
64.77, H, 3.90, N, 7.35%.

General procedure for synthesis of compounds 12

A mixture of compound 8 (5.48 g, 0.01 mol),
cyclohexanone or cyclopentanone (0.04 mol) was
stirred in 30 mL ethanol containing sodium hydrox-
ide (0.06 mol) for 12 h at room temp. The mixture
was extracted with ethyl acetate (20 mL) and dried
over sodium sulfate anhydrous. After removing off
the solvent in vacuo, the collected gummy product
was precipitated in CCl,/hexane (3 : 1) and crystal-
lized from dioxane.

[4-(4-Chloranylphenyl)-2,6-dimethyl-3,5-bis(4-
chloranylphenyl)-1-oxidanylidene-prop-2-enyl]-
1,4-dihydropyridine]cyclohexanone (12a)

Yield: 45%; m.p. 107-109°C. IR (KBr, cm™):
1695, 1698 (2C=0), 1707-1710 (2C=0). 'H NMR
(DMSO-d,, 8, ppm): 1.70 (s, 6H, 2CH,), 4.43 (s, 1H,
pyridine-H), 1.80-2.59 (m, 18H, cyclohexanone),
3.17-3.20 (m, 2H, propyl-H), 3.25 (dd, J = 11.66,
2.60 Hz, 2H, propyl-H), 3.40 (dd, J = 12.90, 3.37
Hz, 2H, propyl-H,), 7.00-7.19 (m, 12H, Ar-H), 9.80
(s, 1H, NH, D,O exchangeable). MS m/z (%): 745
(70). Analysis: caled. for C,;;H,,CLLNO, (745.17): C,
69.31, H, 5.95, N, 1.88%; found: C, 69.40, H, 5.92,
N, 2.00%.

[4-(4-Chloranylphenyl)-2,6-dimethyl-3,5-bis(4-
chloranylphenyl)-1-oxidanylideneprop-2-enyl]-
1,4-dihydropyridine]cyclopentanone (12b)

Yield: 61%; m.p. 110-112°C. IR (KBr, cm™):
1698, 1700 (2C=0), 1702, 1677 (2C=0). 'H NMR
(DMSO-dy, 8, ppm): 1.71 (s, 6H, 2CH;), 2.06-2.43
(m, 14H, pentanone-H), 3.20-3.23 (m, 2H, propyl-
H), 3.30 (dd, J = 11.88, 3.00 Hz, 2H, propyl-H),
3.45 (dd, J = 12.94, 3.25 Hz, 2H, propyl-H), 4.43 (s,
1H, pyridine-H), 7.00-7.19 (m, 12H, Ar-H), 9.80 (s,
1H, NH, D,0 exchangeable). MS m/z (%): 717 (90).
Analysis: caled. for C,H,CLNO, (717.11): C,
68.67, H, 5.6,2 N, 1.95%; found: C, 68.70, H, 5.60,
N, 1.90%.

Antimicrobial activity

The antibacterial activity of the synthesized
compounds was tested against Bacillus subtilis
NRRL 543 , Staphylococcus aureus NRRL B-313
(Gram-positive bacteria), Escherichia coli NRRL B-
210, Pseudomonas aeruginosa NRRL B-23 (Gram-
negative bacteria) using nutrient agar medium. The
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antifungal activity of the compounds was tested
against Candida albicans NRRL Y-477 and
Aspergillus niger NRRL 599 using Sabouraud dex-
trose agar medium.

Agar diffusion medium

All compounds were screened in vitro for their
antimicrobial activity by agar diffusion method (42).
A suspension of the organisms were added to sterile
nutrient agar media at 45°C and the mixture was
transferred to sterile Petri dishes and allowed to
solidify. Holes of 10 mm in diameter were made
using a cork borer. An amount of 0.1 mL of the syn-
thesized compounds was poured inside the holes. A
hole filled with DMSO was also used as control. The
plates were left for 1 h at room temperature as a peri-
od of pre-incubation diffusion to minimize the
effects to variation in time between the applications
of the different solutions. The plates were then incu-
bated at 37°C for 24 h and observed for antibacteri-
al activity. The diameters of zone of inhibition were
measured and compared with that of the standard;
the values were tabulated. Ciprofloxacin (50 ng/mL)
and fluconazole (50 pg/mL) were used as standard
for antibacterial and antifungal activity, respective-
ly. The observed zones of inhibition are presented in
Table 1.

Minimal inhibitory concentration
Minimal inhibitory concentration (MIC) of the
test compounds were determined by agar streak
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dilution method. Stock solutions of the synthesized
compounds (100 mg/mL) were made using DMSO
as the solvent. From this stock solution, a range of
concentrations from 5 to 0.05 mg/mL of the tested
compounds solutions was mixed with the known
quantities of molten sterile agar media aseptically.
About 20 mL of nutrient agar medium for bacteria
and Sabouraud dextrose agar medium for fungi con-
taining the tested compound under study was dis-
pensed into each sterile Petri dish. Then, the media
were allowed to get solidified. Microorganisms
were then streaked one by one on the agar plates
aseptically. After streaking, all the plates were incu-
bated at 30°C for 24 h/48 h for bacteria and fungi,
respectively. Then, the plates were observed for the
growth of microorganisms. The lowest concentra-
tion of the synthesized compounds inhibiting the
growth of the given bacteria/fungus was considered
as minimal inhibitory concentration (MIC) of the
test compounds against that bacteria or fungi on the
plate. The MIC values of each compound against
various bacteria and fungi were tabulated in Table 2.

RESULTS AND DISCUSSION

Chemistry
4-(4-Chlorophenyl)-2,6-dimethyl-3,5-bisdi-
acetyl-1,4-dihydropyridine (1) was prepared via
condensation of 4-chlorobenzaldehyde and acetyl-
acetone in the presence of ammonium acetate. The
assignment of the structure was proved based on ele-

Table 1. Inhibition zone in mm as a criterion of antibacterial and antifungal activities of the newly synthesized compounds.

Microorganism inhibition zone diameter (mm)
Compound Gram positive bacteria Gram negative bacteria Fungi
Bacillus Staphylococcus | Escherichia | Pseudomonas Candida Aspergillus
subtilis aureus coli aeruginosa albicans niger
1 14 13 15 14 13 11
2a 13 12 14 13 14 12
3a 17 16 18 17 16 14
3b 23 21 24 22 22 19
19 18 20 18 19 15
17 17 18 18 18 16
10 17 16 17 17 15 13
12a 25 23 25 25 21 19
Ciprofloxacin 22 24 24 23 - -
Fluconazole - - - - 22 24

Highly active = inhibition zone > 20 mm, moderately active = inhibition zone 15-20 mm, slightly active = inhibition zone 11-14 mm, inac-

tive = inhibition zone < 11 mm.
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CHO

Amm. acetate

Cl

heat, water

a) Cl—C sz
O

b) CI\/\O/\/CI

a, X =0

b,X =CH2

Scheme 1. Synthesis of compounds 1-3

Table 2. MIC in pug/mL of the newly synthesized compounds against microorganisms.

CH,0

Gram positive bacteria Gram negative bacteria Fungi
Compound Bacillus Staphylococcus | Escherichia | Pseudomonas Candida Aspergillus
subtilis aureus coli aeruginosa albicans niger
1 14 1.6 1.2 1.4 1.6 2
2a 1.8 1.8 1.4 1.6 1.4 1.8
3a 0.8 1 0.6 0.8 1 1.4
3b 0.14 0.18 0.12 0.16 0.16 0.4
8 0.4 0.6 0.2 0.6 0.4 1.2
0.8 0.8 0.6 0.6 0.6 1
10 0.8 1 0.8 0.8 1.2 1.6
12a 0.1 0.14 0.1 0.1 0.18 0.4
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mental analysis and spectral data. The IR spectrum
showed characteristic absorption bands at 1700,
1703 cm™ (2C=0). The 'H-NMR spectrum showed
signals at 1.70 (2CH,), 2.30 (2CH,, acetyl), 4.43
(pyridine proton), 7.00-7.15 (Ar-H) and D,O
exchangeable signal at 9.70 ppm assigned for NH.
The mass spectrum of 1 showed the molecular ion
peak at m/z 303 [M*, 100], also peak at m/z 305
[M?*, 33] was observed. Compound 1 was trans-
formed chemically via the reaction with acyclic
alkyl halides yielding N-acyclic nucleoside of pyri-
dine derivatives 2a,b. Mannich adducts also were
produced via the reaction of 1 with formaldehyde
followed by the addition of different amines, name-

ly: morpholine and piperidine affording 3a,b,
respectively (Scheme 1). The IR spectra showed no
NH absorption for compounds 2 and 3. The 'H-
NMR spectrum of 3b as representative example
showed signals at 1.17-1.49 (m, 6H, piperidine-H),
2.20-2.45 (m, 4H, piperidine-H) and 3.72 ppm (s,
2H, N-CH,-N). The mass spectrum showed molecu-
lar ion peak at m/z 400 (80%).

When compound 1 was reacted with potassium
thiocyanate in the presence of bromine, 3-
bisaminothiazole derivative 4 was produced. The IR
spectrum of 4 showed absorption band at 3350 cm™
(NH,). The '"H-NMR spectrum showed two charac-
teristic signals at 4.00 (NH,, D,O exchangeable) and

Scheme 2. Synthesis of compounds 4-7
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at 7.50 ppm (thiazole protons). Compound 4 was
transformed via condensation with 4-chlorobenz-
aldehyde in glacial acetic acid, glucose in ethanol
containing drops of acetic acid and phthalic or male-
ic anhydrides in glacial acetic acid yielding com-
pounds 5, 6 and 7a,b, respectively (Scheme 2). The
structures of the aforementioned compounds were
confirmed on the basis of microanalytical and spec-
tral data. The 'H-NMR spectrum of compound 5
showed a new singlet at 8.10 ppm due to -CH=N-.
The mass spectrum of 5 showed a molecular ion
peak at m/z 660 supporting its molecular formula.
The IR spectrum of 6 was characterized by the
appearance of a broad absorption bands of OH and
NH groups at the range of 3451-3219 cm”, while
the CH=N appeared at 1590 cm’. The 'H-NMR
spectrum of compound 6 showed the glucose pro-

tons as multiplet at the range 3.32-3.92 ppm and the
OH groups at the range 4.19-5.00 ppm. The IR
spectra of 7 showed bands at 1702-1698 cm™
(C=0). The 'H-NMR spectrum of compound 7b
revealed the presence of two doublets at 6.12 and
6.32 ppm assigned for vinylic protons.

On the other hand, condensation of compound
1 with 4-chlorobenzaldehyde gave bis arylmethyl-
ene derivative 8. The 'H-NMR spectrum of 8
showed absence of 2CH; (acetyl) signals and pres-
ence of CH=CH (methylene) at 7.33 and 7.96 ppm.
The mass spectrum showed molecular ion peak at
m/z 548 (85%). Furthermore, condensation of 8 with
different nucleophiles, namely: hydrazine hydrate,
thiosemicarbazide and hydroxylamine via Micheal
condensation reaction gave compounds 9-11,
respectively (Scheme 3).

Scheme 3. Synthesis of compounds 8-12
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The structures of compounds 9-11 were in agree-
ment with their spectral and analytical data. The mass
spectrum of compound 9 showed a molecular ion peak
at m/z 572 (55%). Its 'H-NMR spectrum showed sin-
glet at 6.50 ppm characteristic for pyrazole ring pro-
tons. Compound 8, when condensed with cyclohexa-
none and cyclopentanone, afforded compounds 12a,b.
The IR spectrum of 12a showed absorption bands
at1695, 1698, 1700-1705, 1710 cm™ (C=0). The 'H-
NMR spectrum of 12a showed multiplet at 1.80-2.59
for 18 protons of cyclohexanone, signals at 3.17-3.20
for 2CH-propyl protons and at 3.25-3.40 ppm for
2CH,-propyl protons. The mass spectrum of 12a
showed molecular ion peak at m/z 745 (100%).

Antimicrobial activity

All the newly synthesized compounds were
screened for their in vitro antibacterial activity against
two strains of Gram positive bacteria (Staphylococcus
aureus, Bacillus subtilis), and two strains of Gram
negative bacteria (Escherichia coli, Pseudomonas
aeruginosa) using ciprofloxacin as a standard drug
(100 pg/mL). They were also evaluated for their in
vitro antifungal activity against the mycotic strains
(Candida albicans and Aspergillus niger) using flu-
conazole as a standard antifungal drug (100 pg/mL).
Agar-diffusion method was used in this investigation
for determination of the preliminary antibacterial and
antifungal activity and the results were recorded for
each tested compound as the average diameter of
inhibition zones (IZ) of bacterial or fungal growth
around the discs in mm (Table 1). The minimal
inhibitory concentrations (MIC) were determined for
compounds showing promising growth inhibition,
using the twofold serial dilution method (43). The
MIC (ug/mL) values against the tested bacterial and
fungal isolates are presented in Table 2.

According to Tables 1 and 2, it is clear that
compounds 1, 2a and 3a showed low activities
toward all types of microorganisms. Compounds 9
and 10 showed moderate antibacterial and antifun-
gal activities. Bis-arylmethylene derivative 8 was
found to be highly active against Escherichia coli,
but showed moderate activity towards Gram posi-
tive bacteria, Gram negative bacteria and fungi.
Derivatives 3b, 3,5-bis-pyridin-1H-morpholine and
12a, dihydropyridine cyclohexanone, showed high
activity toward all microorganisms.

CONCLUSION
In the present study, 2,6-dimethyl-3,5-bis-

acetyl-1,4-dihydropyridine (1) was used to synthe-
size novel derivatives of N-acyclic nucleosides

(2a,b), Mannich products (3a,b), 3,5-bis-aminothia-
zole (4), heterocyclic derivatives (5-7), 3,5-bisaryl-
methylene (8) and (9-12). The antimicrobial activity
of some compounds was reported. Compounds 3b
and 12a showed high activity against Gram positive
bacteria, Gram negative bacteria and fungi.
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Abstract: A novel series of cyanopyridinyl tetrahydronaphthalene incorporated with different heterocycles
were synthesized. The key compounds 2a,b were condensed with chloroacetone and ethyl chloroacetate to give
3a,b and 4a,b, respectively. Also condensation of 4a,b with hydrazine hydrate gave the corresponding
hydrazide 5a,b. Reaction of Sb with different isothiocyanates gave the corresponding thiosemicarbazide deriv-
atives 6a-c. Also, condensation of 5a with chloroacetic acid, methyl iodide and /or acetic anhydride yielded 7-
9, respectively. Moreover, reaction of 5a with acetylacetone, ethyl acetoacetate, diethylmalonate, ethyl cyano-
acetate, chloroacetone, ethyl chloroacetate, urea, phthalic anhydride, malic anhydride and/ or different aldehy-
des yielded the corresponding derivatives 10-18, respectively. Newly synthesized compounds were screened for
their antibacterial (Staphylococcus aureus, Bacillus subtilis, Bacillus megaterium, Sarcina lutea, Klebsiella
pneumoniae, Pseudomonas aeruginosa, Escherichia coli) and antifungal (Saccharomyces cerevisiae and
Candida albicans) activity. The results revealed that some of novel compounds have exhibited significant bio-

logical activity against the tested microorganisms.

Keywords: tetrahydronaphthalene, cyanopyridine, antimicrobial activity

In the last twenty five years there has been a
steep decline in the commercial output and
research and development of antimicrobial agents
by the major pharmaceutical companies due to the
more attractive commercial returns that can be
made for treatments of chronic human diseases. At
the same time, there has been an explosion both in
the numbers of pathogenic bacteria that have
become resistant to antibiotics due to their wide-
spread and misuse and of immuno-compromised
patients that are particularly susceptible to oppor-
tunistic pathogens (1, 2). In addition, it is known
that antifungal drugs do not have selective activity
because of the biochemical similarity between
human cell and fungi forms (3). Therefore, the dis-
covery of new antimicrobial agents with novel
modes of action and no cross-resistance with cur-
rent antibiotics will be vital to meet the threats cre-
ated by the emergence of bacteria resistant to the
current therapeutic agents.
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Literature survey revealed that tetralin is an
important ring comprising different efficacious
antimicrobial derivatives (4, 5). Additionally, the
pyridine nucleus plays a key role of catalyzing both
biological and chemical systems. In many enzymes
of living organisms it is the prosthetic pyridine
nucleotide (NADP) that is involved in various oxi-
dation-reduction processes. It is also one of the
most important heterocycles found in many antimi-
crobial pharmaceuticals (6, 7).

Since it is documented that the most effective
antimicrobial compounds can be designed by join-
ing two or more biologically active cyclic systems
together in a single molecular framework, we report
here the synthesis and antimicrobial evaluation of
some novel structure hybrids incorporating both the
tetralin moiety with pyridine heterocycle. This com-
bination was suggested in an attempt to investigate
the influence of such hybridization and structure
variation on the anticipated biological activities,
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hoping to add some synergistic biological signifi-
cance to the target molecules.

EXPERIMENTAL

All melting points are uncorrected and were
taken in open capillary tubes using Electrothermal
apparatus 9100. Elemental microanalyses were car-
ried out at the Microanalytical Unit, Central
Services Laboratory, National Research Centre,
Dokki, Cairo, Egypt, and were found to be within £
0.5% of the theoretical values. Infrared spectra were
recorded on a Jasco FT/IR-6100 Fourier transform
infrared spectrometer using the KBr disc technique
at the Central Services Laboratory, National
Research Centre, Dokki, Cairo, Egypt. 'H NMR
spectra were determined by using a Jeol EX-270
NMR spectrometer at the Central Services
Laboratory, National Research Centre, Dokki,
Cairo, Egypt. The mass spectra were measured with
a Finnigan MAT SSQ-7000 mass spectrometer at
Central Services Laboratory, National Research
Centre, Dokki, Cairo, Egypt. Follow-up of the reac-
tions and checking of the purity of the compounds
were made by TLC on silica gel precoated alu-
minum sheets (Type 60, F 254, Merck, Darmstadt,
Germany) and the spots were detected by exposure
to a UV lamp at 254 nm for a few seconds. The
chemical names for the prepared compounds are
given according to the [IUPAC system.

General procedure for the synthesis of 1,2-dihy-
dro-6-(1,2,3,4-tetrahydronaphthalen-6-yl)-4-sub-
stituted-2-oxopyridine-3-carbonitrile 1a,b

A mixture of 6-acetyl-1,2,3,4-tetrahydronaph-
thalene (6.0 g, 0.034 mol), the appropriate aldehyde
namely: 3,4-dimethoxybenzaldehyde and/or 4-fluo-
robenzaldehyde (0.034 mol), ethyl cyanoacetate (3.8
mL, 0.034 mol) and ammonium acetate (21.0 g,
0.272 mol) in n-butanol (50 mL) was refluxed for 6
h. The formed precipitate was filtered, washed with
ether, dried and recrystallized from acetic acid to
give the title compounds 1a,b, respectively.

1,2-Dihydro-6-(1,2,3,4-tetrahydronaphthalen-6-
yl)-4-(3,4-dimethoxyphenyl)-2-oxopyridine-3-
carbonitrile (1a)

Yield 65%; m.p. 250-252°C; IR (KBr, cm™):
2930, 2850 (CH, - tetrahydronaphthalene protons),
2219 (CN), 1637 (CO); 'H NMR (DMSO-d,, 9,
ppm): 1.74, 2.68 (8H, m, 4(CH,) - tetrahydronaph-
thalene protons), 3.83 (6H, s, 2-OCH,;), 6.98-7.23
(7TH, m, Ar-H and pyridone proton), 9.21 (1H, s,
NH, exchangeable by D,0); MS, m/z (%): 386 [M*]

(100); Analysis: calcd. for C,,H,,N,O; (386.44): C,
74.59; H, 5.74; N, 7.25%; found: C, 74.89; H, 5.94;
N, 7.35%.

4-(4-Fluorophenyl)-1,2-dihydro-6-(1,2,3,4-
tetrahydronaphthalen-6-yl)-2-oxopyridine-3-car-
bonitrile (8)

General procedure for the synthesis of 6-(1,2,3,4-
tetrahydronaphthalen-6-yl)-2-mercapto-4-substi-
tuted-pyridine-3-carbonitrile 2a,b

A mixture of compounds 1a,b (0.01 mol) and
P,Ss (2.22 g, 0.01 mol) in pyridine (15 mL) was
refluxed for 5 h. After cooling, the mixture was
poured onto ice/cold water and acidified with
hydrochloric acid. The formed precipitate was fil-
tered, washed with water several times, dried and
recrystallized from ethanol to give the title com-
pounds 2a,b, respectively.

6-(1,2,3,4-Tetrahydronaphthalen-6-yl)-2-mercap-
to-4-(3,4-dimethoxyphenyl)pyridine-3-carboni-
trile (2a)

Yield 65%; m.p. 107-108°C; IR (KBr, cm™):
2925, 2852 (CH, - tetrahydronaphthalene protons),
2215 (CN); '"H NMR (DMSO-d,, 8, ppm): 1.72,2.74
(8H, m, 4(CH,) - tetrahydronaphthalene protons),
3.81 (6H, s, 2-OCHs;), 6.98-7.23 (7H, m, Ar-H and
pyridine proton), 8.81 (1H, s, NH, exchangeable by
D,0); MS, m/z (%): 402 [M*] (100); Analysis:
caled. for C,,H,,N,0,S (402.51): C, 71.62; H, 5.51;
N, 6.96; S, 7.79%; found: C, 71.32; H, 5.01; N, 6.76;
S, 7.54%.

4-(4-Fluorophenyl)-6-(1,2,3,4-tetrahydronaph-
thalen-6-yl)-2-mercaptopyridine-3-carbonitrile
(2b)

Yield 55%; m.p. 95-96°C; IR (KBr, cm™):
2930, 2850 (CH, - tetrahydronaphthalene protons),
2219 (CN); '"H NMR (DMSO-d,, 8, ppm): 1.73, 2.69
(8H, m, 4(CH,) - tetrahydronaphthalene protons),
6.81-7.54 (8H, m, Ar-H and pyridine proton), 8.75
(1H, s, NH, exchangeable by D,0); MS, m/z (%):
360 [M*] (100); Analysis: caled. for C,,H;;FN,S
(360.45): C, 73.31; H, 4.75; N, 7.77; S, 8.90%;
found: C, 73.41; H, 4.82; N, 7.93; S, 8.75%.

General procedure for the synthesis of 2-(2-oxo-
propylthio)-6-(1,2,3,4-tetrahydronaphthalen-6-
yl)-4-substituted-pyridine-3-carbonitrile 3a,b and
ethyl 2-(3-cyano-6-(1,2,3,4-tetrahydronaphhalen-
6-yl)-4-substituted-pyridin-2-ylthio)acetate 4a,b
A mixture of compounds 2a,b (0.003 mol),
anhydrous sodium carbonate (0.32 g, 0.003 mol)
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and the appropriate halo derivatives, namely:
chloroacetone and/or ethyl chloroacetate (0.003
mol) in DMF (20 mL) was refluxed for 4 h. The
reaction mixture was cooled and poured onto
ice/cold water and acidified with hydrochloric acid.
The formed precipitate was filtered, washed with
water several times, dried and recrystallized from
methanol to give the title compounds 3a,b and 4a,b,
respectively.

2-(2-Oxopropylthio)-6-(1,2,3,4-tetrahydronaph-
thalen-6-yl)-4-(3,4-dimethoxyphenyl)pyridine-3-
carbonitrile (3a)

Yield 35%; m.p. 149-150°C; IR (KBr, cm™):
2929, 2853 (CH, - tetrahydronaphthalene protons),
2215 (CN), 1702 (CO); 'H NMR (DMSO-d, 6,
ppm): 1.70, 2.71 (8H, m, 4(CH,) - tetrahydronaph-
thalene protons), 2.28 (3H, s, CH,CO), 3.83 (6H, s,
2-OCH,), 4.10 (2H, s, SCH,), 6.72-7.91 (7H, m, Ar-
H and pyridine proton); MS, m/z (%): 458 [M*] (70),
459 [M*+1] (38), 73 [C,H;NS] (100); Analysis:
calcd. for C,,H,(N,0O,S (458.57): C, 70.72; H, 5.71;
N, 6.11; S, 6.99%; found: C, 70.43; H, 5.91; N, 6.61;
S, 7.13%.

2-(2-Oxopropylthio)-4-(4-fluorophenyl)-6-(1,2,3,
4-tetrahydronaphthalen-6-yl)pyridine-3-carboni-
trile (3b)

Yield 40%; m.p. 114-115°C; IR (KBr, cm™):
2929, 2857 (CH, - tetrahydronaphthalene protons),
2216 (CN), 1709 (CO); 'H NMR (DMSO-d, 6,
ppm): 1.69, 2.68 (8H, m, 4(CH,) - tetrahydronaph-
thalene protons), 2.17 (3H, s, CH,CO), 3.79 (6H, s,
2-OCH,), 4.12 (2H, s, SCH,), 6.83-7.85 (8H, m, Ar-
H and pyridine proton); MS, m/z (%): 416 [M*]
(100); Analysis: calcd. for C,sH,,FN,OS (416.51):
C, 72.09; H, 5.08; N, 6.73; S, 7.70%; found: C,
72.31; H, 4.98; N, 6.82; S, 7.56%.

Ethyl 2-(3-cyano-6-(1,2,3,4-tetrahydronaphtha-
len-6-yl)-4-(3,4-dimethoxyphenyl)pyridin-2-
ylthio)acetate (4a)

Yield 70%; m.p. 164-165°C; IR (KBr, cm™):
2931, 2834 (CH, - tetrahydronaphthalene protons),
2214 (CN), 1725 (CO, ester); 'H NMR (DMSO-d,,
d, ppm): 1.29 (3H, t, -COOCH,CH,), 1.69, 2.72 (8H,
m, 4(CH,) - tetrahydronaphthalene protons), 3.75
(6H, s, 2-OCH,), 4.13 (2H, s, SCH,), 4.16 (2H, q, -
COOCH,CHj;), 7.05-7.99 (7TH, m, Ar-H and pyridine
proton); MS, m/z (%): 488 [M'] (35), 115 (C,H,)
(100); Analysis: calcd. for C,sH,N,O,S (488.60): C,
68.83; H, 5.78; N, 5.73; S, 6.56%; found: C, 68.83;
H, 591; N, 5.63; S, 6.68%.

Ethyl 2-(3-cyano-4-(4-fluorophenyl)-6-(1,2,3,4-
tetrahydronaphthalen-6-yl)pyridin-2-ylthio)acet-
ate (4b)

Yield 68%; m.p. 131-132°C; IR (KBr, cm™):
2921, 2830 (CH, - tetrahydronaphthalene protons),
2217 (CN), 1740 (CO, ester); 'H NMR (DMSO-d,,
d, ppm): 1.24 (3H, t, -COOCH,CH,), 1.71, 2.67 (8H,
m, 4(CH,) - tetrahydronaphthalene protons), 3.78
(6H, s, 2-OCH,), 4.11 (2H, s, SCH,), 4.15 (2H, q, -
COOCH,CHj;), 7.05-7.89 (8H, m, Ar-H and pyridine
proton);; MS, m/z (%): 446 [M*] (15), 357
[C,,H,FN,S] (100); Analysis: calcd. for
C,H,sFN,O,S (446.54): C, 69.93; H, 5.19; N, 6.27;
S, 7.18%; found: C, 70.28; H, 5.44; N, 6.35; S,
7.23%.

General procedure for the synthesis of 2-
hydrazinyl-6-(1,2,3,4-tetrahydronaphthalen-6-
yl)-4-(substituted phenyl)pyridine-3-carbonitrile
S5a,b
Method A

A mixture of compound 2a,b (0.01 mol) and
hydrazine hydrate (1.0 mL, 0.02 mol) in absolute
ethanol was refluxed for 4 h. After cooling the
formed precipitate was filtered, dried and recrystal-
lized from methanol to give the title compound 5a,b.

Method B

A mixture of compounds 4a,b (0.002 mol) and
hydrazine hydrate (0.1 mL, 0.002 mol) in absolute
ethanol (20 mL) was refluxed for 3 h. The formed
precipitate was filtered, dried and recrystallized
from dioxane to give the title compounds Sa,b,
respectively.

2-Hydrazinyl-6-(1,2,3,4-tetrahydronaphthalen-6-
yl)-4-(3,4-dimethoxyphenyl)pyridine-3-carboni-
trile (5a)

Yield 88%; m.p. 139-140°C; IR (KBr, cm™):
3245, 3177 ( NH, NH,), 2935, 2855 (CH, - tetrahy-
dronaphthalene protons), 2216 (CN); 'H NMR
(DMSO-dy, 8, ppm): 1.67, 2.68 (8H, m, 4(CH,) -
tetrahydronaphthalene protons), 3.78 (6H, s, 2-
OCH,;), 6.95-7.98 (7TH, m, Ar-H and pyridine pro-
ton), 8.98, 9.01 (3H, s, NHNH,, exchangeable by
D,0); MS, m/z (%): 400 [M*] (32), 402 [M*+ 2]
(65), 370 [M*N,H,] (100); Analysis: calcd. for
C,,H,,N,0, (400.47): C, 71.98; H, 6.04; N, 13.99%;
found: C, 71.74; H, 6.28; N, 13.68%.

4-(4-Fluorophenyl)-2-hydrazinyl-6-(1,2,3,4-tetra-
hydronaphthalen -6-yl)pyridine-3-carbonitrile (5