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NINTH MULTIDISCIPLINARY CONFERENCE 
ON DRUG RESEARCH

Editorial

The ninth Multidisciplinary Conference on Drug Research took place in very nice but somewhat iso-
lated hotel and spa "Cztery Wiatry" ("Four Winds" on ChaÒcza artificial lake), near Szyd≥Ûw, in åwiÍ-
tokrzyskie region, between 12 - 14 May, 2014. The conference gathered ca. 150 participants from many
Polish scientific centers; most of them took active part in the program, which comprised 14 invited lectures,
19 short lectures and 134 poster presentations, arranged into two consecutive sessions. The opening lecture,
devoted to the position of generic drugs in the present situation and future development of pharmaceutical sec-
tor, was delivered by prof. £ukasz Kaczmarek, CEO of Pharmaceutical Research Institute (IF). Details of the
scientific program, which traditionally covered all aspects of drug research - from theory and design, through
synthesis, to preclinical and clinical evaluation, published as Book of Abstracts (ISBN 83-89585-40-5), are
also available on the website of PRI Pharmaceutical Research Institute - Instytut Farmaceutyczny). The organ-
izers, considering informal obligation to consolidate drug research environment across various specialties and
different affiliations their lasting duty, designated a panel discussion devoted to the future of the conference,
in view of participants needs. It turned out that the majority would like to see continuation of MKNOL as an
multidisciplinary event, supporting present design and format of the conference. Well, it certainly does not
mean that everything is perfect. As we all know from everyday life - the economy is not. In the past, the orga-
nizers of MKNOL declared their support to participants, who wished to publish their proceedings in Acta
Poloniae Pharmaceutica - Drug Research, in a dedicated issue. The journal, which is doing well in terms of
impact factor and overall scientific trademark, has recently introduced dramatic publication policy changes,
which resulted in introduction of publication charge. Under these rather suddenly declared new conditions,
Pharmaceutical Research Institute (IF) is unable to continue unconditional support to all prospective authors
of post - MKNOL publications. This time, from nearly 60 submitted contributions, only half could be quali-
fied, based on the quality merit, to the sponsored pool of APP-DR November-December 2014 issue. Please
accept our apologies. We will do our best to come to terms with the Editors of APP-DR over a new, clear pol-
icy concerning future publications of the MKNOL participants. Thank you for your continuing interest!

June 2014
Grzegorz Grynkiewicz, Guest Editor
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Lysophospholipids (LPLs) for a long time
were considered only as membrane components
necessary to mediate synthesis of various phospho-
lipids and to embed proteins into cell membranes.
Thanks to the rapid advance in chemistry and biolo-
gy of LPLs during the last decades, the group of
ëëbioactive lysophospholipidsíí of hormone-like sig-

naling properties was revealed. Most popular in this
area are LPLs with glycerol (glycerolysophospho-
lipids, GPLs) or sphingoid (lysosphingophospho-
lipids, LSPLs) backbones, where families of
lysophosphatidic acids (LPAs) and sphingosine-1-
phosphates (S-1-Ps) have been investigated to the
greatest extent so far. Much less information is

REVIEWS

LYSOPHOSPHATIDYLCHOLINE AND LYSOPHOSPHATIDYLINOSIOL 
ñ NOVEL PROMISSING SIGNALING MOLECULES AND THEIR POSSIBLE

THERAPEUTIC ACTIVITY
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Lodz University of Technology, Institute of Technical Biochemistry, 
Stefanowskiego 4/10, 90-924 £Ûdü, Poland

Abstract: For many years the role of lysophospholipids (LPLs) was associated only with structural and storage
components of the cell without any informational function. Today, based on many research projects performed
during the last decades, it is clear that some of the LPLs act as hormone-like signaling molecules and thus are
very important inter- and intracellular lipid mediators. They can activate specific membrane receptors and/or
nuclear receptors regulating many crucial physiological and pathophysiological processes. The LPLs were iden-
tified as involved in a majority of cellular processes, including modulation of disease-related mechanisms
observed, for instance, in case of diabetes, obesity, atherosclerosis and cancer. Among LPLs, lysophos-
phatidylcholine (LPC) and lysophosphatidylinositol (LPI) are becoming attractive research topics. Their recent-
ly revealed activities as novel ligands of orphan G protein-coupled receptors (i.e., GPR55 and GPR119)
involved in modulation of tumor physiology and insulin secretion seem to be one of the most interesting aspects
of these compounds. Moreover, the most recent scientific reports emphasize the significance of the acyl chain
structure bound to the glycerol basis of LPL, as it entails different biological properties and activities of the
compounds. 

Keywords: lysophospholipids, lysophosphatidylcholine, lysophosphatidylinositol, GRP55, GPR119, diabetes,
cancer

Abbreviations: AMD ñ age-related macular degeneration, ATX ñ autotaxin, cAMP ñ 3í-5í-cyclic adenosine
monophosphate, CMC ñ critical micelle concentration, cPA ñ cyclic phosphatidic acid, DDHD1 ñ DDHD
domain-containing protein 1, ERK ñ extracellular signal-regulated kinase, GAPDH ñ glyceraldehyde 3-phos-
phate dehydrogenase, GIP ñ glucose-dependent insulinotropic peptide, GLP-1 ñ glucagon-like peptide 1, GM-
CSF ñ granulocyte macrophage colony-stimulating factor, GPCR ñ G protein-coupled receptors, GPLs ñ glyc-
erolysophospholipids, IFN-γ ñ cytokine-induced interferon γ, IL ñ interleukin, LCAT ñ lecithin:cholesterol
acyltransferase, LDH ñ lactate dehydrogenase, LDL ñ low-density lipoprotein, LPA ñ lysophosphatidic acid,
LPE ñ lysophosphatidylethanolamine, LPG ñ lysophosphatidylglycerol, LPS ñ lysophosphatidylserine, LSPL ñ
lysosphingophospholipid, lysoPLD ñ lysophospholipase D, NADPH ñ nicotinamide adenine dinucleotide phos-
phate, PC ñ phosphatidylcholine, PGE2 ñ prostaglandin E2, PGF1α ñ 6-keto-prostaglandin F1α; PGI2 ñ
prostaglandin I2 (prostacyclin), PI ñ phosphatidylinositol, PLA1 ñ phospholipase A1, PLA2 ñ phospholipase A2,
PLC ñ phospholipase C, PPARγ ñ proliferator-activated receptor γ, ROS ñ reactive oxygen species, S-1-Ps ñ
sphingosine-1-phosphates, SPC ñ sphingosylphosphatidylcholine, T1DM ñ type 1 diabetes mellitus, T2DM ñ
type 2 diabetes mellitus, TGF-β1 ñ transforming growth factor β1, TRPM8 ñ transient receptor potential cation
channel subfamily M member 8, TRPV2 ñ transient receptor potential cation channel subfamily V member 2,
TXA2 ñ thromboxane A2
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available considering the remaining LPLs, such as
cyclic phosphatidic acid (cPA), lysophosphatidyl-
glycerol (LPG), sphingosylphosphatidylcholine
(SPC), lysophosphatidylserine (LPS), lysophos-
phatidylethanolamine (LPE), lysophosphatidyl-
choline (LPC) and lysophosphatidylinositol (LPI).
Glycerol derivatives of lysophospholipids are a
diverse group of molecules bearing both saturated
(e.g., 16:0, 18:0) and unsaturated (e.g., 18:1, 18:2,
20:4) fatty acid chains, contrary to S1P (2S-amino-
1-(dihydrogen phosphate)-4E-octadecene-1,3R-
diol), which is a single molecular species. Common
structural features of GPLs is a glycerol backbone, a
phosphate head group at the sn-3 position, a hydrox-
yl group at the sn-2 (or sn-1) position and a single
fatty acid chain at the sn-1 (or sn-2) position.
Besides, the acyl chain at the sn-2 position of the 2-
acyl-lysophospholipid has a tendency to migrate to
the sn-1 position, thus resulting in the creation of the
1-acyl-lysophospholipid (1, 2).

Lysophospholipids are necessary to maintain
homeostasis of many physiological processes
including reproduction, vascular development, and
functioning of the nervous system. The majority of
the studies have demonstrated beneficial effects of
particular lysophospholipids towards health. The
famous example of a brain permeant LPL, which
was officially approved by US Food and Drug
Administration and European Medicines Agency as
the first orally administered drug in multiple sclero-
sis treatment, is 2-amino-2-[2-(4-octylphenyl)ethyl]-
1,3-propanediol (FTY720, the S1P analogue known
as fingolimod and, recently, Gilenya) (3). Another
example is edelfosine (1-octadecyl-2-O-methyl-
glycero-3-phosphocholine, 2-LPC) which is a drug
proposed in treatment of multiple sclerosis and other
neurodegenerative diseases (4). The pharmacologi-
cal research results are the best proof of favorable
activities of LPLs and their great potency in disease
therapy.

Currently, LPC and LPI seem to be the most
attractive research goals in terms of biological activ-
ity and possible application. In serum plasma both
of the compound groups function mainly as sub-
strates for autotaxin (ATX). Enzymatic digestion of
LPC and LPI leads to formation of various forms of
LPA and cPA, which are involved i.a., in modula-
tion of cardiovascular system physiology, wound
healing, metabolism of lipids and carbohydrates,
mediated by membrane and nuclear receptors
(respectively: receptors of LPA family and nuclear
peroxisome proliferator-activated receptor γ,
PPARγ) (5). However, according to recent findings,
both LPC and LPI are capable of modulation of sig-

nificant physiological processes directly due to
interaction with respective G protein-coupled recep-
tors (GPCRs), which at the same time identifiy them
as novel ligands of ìorphan receptorsî.

LPC (1-acyl-glycero-3-phosphocholine) is
known for its favorable effects towards health in
terms of indirect promotion of internal and external
wound healing and organ regeneration (5, 6), thera-
py of autoimmune and neurodegenerative diseases
(4, 7ñ9) or even treatment of age-related macular
degeneration (AMD) (10). Moreover, recent reports
have shown that LPC induces insulin secretion from
pancreatic β-cells. It has been also found that LPC
activates glucose uptake and effectively lowers
blood glucose levels in mouse models of type 1 and
2 diabetes mellitus (T1DM and T2DM, respective-
ly) (11, 12). Unfortunately, up to date, the precise
mechanism of this phenomenon has remained
unknown. On the other hand, oleoyllysophos-
phatidylcholine (LPC 18:1) was reported to bind to
one of membrane receptors known as GPR119,
which is responsible for increase in glucose stimu-
lated insulin secretion in murine NIT-1 insulinoma
cells due to protein kinase A (PKA) related signal-
ing pathway (12, 13). The nature of the endogenous
ligands to GPR119, and whether this GPCR plays a
physiological role in direct regulation of insulin
secretion by pancreatic β cell, is currently under
investigation.

When it comes to LPI (1-α-lysophosphatidyl-
inositol), there is a strong evidence that it is involved
in tumor cell proliferation and migration. Clinical
data identified LPI as a biomarker for poor progno-
sis in cancer patients, whereas in vitro studies
demonstrated significantly elevated levels of LPI in
highly proliferative cancer cells (14). In 2007, Oka
et al. documented for the first time that LPI is an
agonist of GPR55 expressed to high extent by tumor
cells. The team found LPI to induce rapid phospho-
rylation of the extracellular signal-regulated kinase
(ERK) and an increase in intracellular Ca2+ in
GPR55-expressing cells. On the other hand, there is
a lot of controversies about natural ligands for
GPR55, which need to be clarified. 

All known LPLs characterized by various bio-
logical activities need to be further studied in detail.
One of the issues to be clarified is the mechanism of
action of the biomolecules with respect to their spe-
cific chemical structure. This review is especially
devoted to activities and mechanisms of action of
LPC and LPI species recently discovered as mean-
ingful signaling molecules. The subject is being
intensively studied by the research team of the
Institute of Technical Biochemistry, Lodz
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University of Technology (IBT LUT) in Poland (2,
15). 

Lysophosphatidylcholine

LPC is the most abundant LPL with relatively
high concentration in human blood (approximately
150 mM), however, showing significant level varia-
tions with respect to gender and age (16). To some
extent, it is available in dietary products (i.e., eggs,
soya, oilseeds and fish). Most of the circulating LPC
molecules are associated with albumin. They are
also the major phospholipid component of oxidized
low-density lipoproteins (17, 18). Several types of
LPC molecules with various acyl chains, such as
palmitoyl (16:0), stearoyl (18:0), oleoyl (18:1),
linoleoyl (18:2), arachidonoyl (20:4) and docosa-
hexanoyl (22:6), have been found in human plasma
(19). The compounds are derived from phos-
phatidylcholine due to transacylation of the sn-2
fatty acid residue of lecithin to free cholesterol cat-
alyzed by lecithin:cholesterol acyltransferase
(LCAT), which finally results in the formation of
cholesterol ester and LPC (1, 20). The rate of ester
formation by LCAT depends on the nature of the
head group, fatty acid residues and the macromole-
cular properties of the lipid (1). It is also generated
by the action of phospholipases A2 (PLA2) and phos-
pholipases A1 (PLA1), which are able to cleave the
sn-2 and sn-1 ester bond, respectively (21).
Appreciable amounts of LPC are also formed in
plasma by endothelial lipase (1, 17).

Structurally different LPCs were recognized as
carriers of fatty acids, phosphatidylglycerol and
choline between tissues (22). As a representative of
pro-inflammatory LPLs, LPC is involved in modu-
lation of T cell functions and immunity. In activated
microglia (brain macrophages) LPC was found to
trigger interleukin-1 β (IL-1β) processing and
release (23). It was also reported to enhance the
expression of cytokine-induced interferon γ (IFN-γ)
(1) and transforming growth factor β1 (TGF-β1)
(24). Moreover, LPC-dependent NADPH oxidase

stimulation and production of reactive oxygen
species (ROS) was documented to activate caspase-
1 that converts pro-cytokines to their mature, bio-
logically active forms (IL-1β, IL-18 and IL-33) (25).
LPC is also involved in the production of
prostaglandin I2 (PGI2 also known as prostacyclin)
in vitro in primary human aortic endothelial cells
and in vivo in murine model. A stable degradation
product of PGI2, 6-keto-prostaglandin F1a (PGF1α)
was also found induced by LPC species (namely
18:1 and 20:4) (1).

In addition, it was recently found out that
polyunsaturated LPC variants, such as LPC 20:4 and
LPC 22:6, may serve as successful anti-inflammato-
ry agents, opposing the activity of saturated acyl
LPCs known to induce the response of immunolog-
ical system (i.e., LPC 16:0) (8, 26, 27). As present-
ed by Jin et al., LPC 22:6 as well as 17-hydroxy-
LPC 22:6 exert anti-inflammatory effect in mice
treated with lipopolysaccharide. It was detected that
administration of these compounds before injection
of lipopolysaccharide reduces increase in weight of
spleen dose-dependently, where 17-hydroxy-LPC
22:6 appears to be more effective (9). Another
example of anti-inflammatory polyunsaturated LPC
is 15-hydroxy-docosapentanoyl-LPC (15-hydroxy-
LPC 20:5) that inhibits formation of leukotrienes
and cytokines in zymosan A-induced peritonitis of
mice (28). Similar observation was made in case of
LPC 20:4 and its derivative (15-hydroxy-LPC 20:4)
(29). The anti-inflammatory effects were related to
down-regulation of leukocyte extravasation, plasma
leakage, and formation of pro-inflammatory media-
tors (IL-5, IL-6, nitric oxide, 12-hydroxyeicosate-
traenoic acid and PGE2 stimulated by LPC 16:0),
and up-regulation of anti-inflammatory mediators
(IL-4 and IL-10) (27). This evidence suggests that
LPCs could be regarded as major modulators of
inflammation process. LPC, together with LPS and
LPE, is also found to be a natural agonist of G2A
receptor, which in this case serves as suppressor of
autoimmunity (1, 30). LPC, LPS and LPE, regard-

Figure 1. Structure of lysophosphatidylcholine (LPC) and lysophosphatidylinositol (LPI). ÑRì represents a fatty acid residue
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less of differences in structure, induce mobilization
of intracellular Ca2+ ions through G2A signaling-
dependent pathway. However, it resulted from
amphipatic nature and detergent-like properties of
the compounds and their interaction with lipid bilay-
er of the cellular membrane rather than direct inter-
action of the LPLs with the receptor. As originally
described by Ben-Zeev et al., the process leads to
Gαi-related activation of phospholipase C (1, 31). On
the other hand, direct, receptor mediated release of
Gαq/11 subunit without the membrane permeabiliza-
tion effect was also observed (1, 32).

The problem of membrane permeabilization
can be a matter of cytotoxicity. LPC above critical
micelle concentration (CMC) can lead to rapture of
cellular membrane resulting in hemolysis (1).
However, there can be over 200-fold difference in
CMC/toxic value depending on the structure of the
LPCís acyl residue (33, 34). The issue was studied
for the first time for hexanoyl (6:0), octanoyl (8:0),
decanoyl (10:0), 12:0, 14:0, 16:0, 18:0, 18:1, nona-
decanoyl (19:0), arachidoyl 20:0, and lignoceroyl
24:0 LPC species by Kim et al. in 2007 (Jurkat cell
model) (35). The research led to identification LPC
with palmitoyl residue as the most toxic. Yet,
applied concentration of all tested LPCs was 20 µM,
which is much higher than estimated CMC values of
these compounds (33, 34). It was also found that
serum albumin is capable of reduction of any cyto-
toxic effects caused by LPLs (35). 

Six years later, Rytczak et al. at IBT LUT per-
formed synthesis of novel phosphorothioate and
phosphorodithioate analogues of 2-methoxy-
lysophosphatidylcholine 12:0, 16:0, 18:0 and 18:1,
which was followed by assessment of their influence
on viability and cell membrane integrity of β-TC3
murine insulinoma cell model (2). The biological
studies addressed possibility of engagement of LPC
species in modulation of insulin secretion. Diversity
of investigated LPC structures allowed the team to
indicate the dependence of strength of the observed
biological effects on chemical modification and acyl
chain bound to the glycerol backbone (sample
results in Table 1). The cytotoxicity assessment
involved only a 10-µM concentration, which for
some of the tested species was very distant from the
expected CMC (i.e., CMCLPC 12:0 = 740 µM, CMCLPC

18:0 = 0.4 µM) (2, 33, 34). Surprisingly, it was clear-
ly depicted that none of the tested compounds
caused any significant decrease in cell viability,
where the strongest toxic effect (relative cell viabil-
ity > 72%) was observed for native LPC 14:0 and
LPC 16:0, which is in contrast to results obtained by
Kim et al. (2). It is worth noticing that the experi-

ments were based on serum-free culture media.
What is more, some of the compounds were found
promoting cell survival (i.e., LPC 12:0, LPC 18:1),
which was also observed in case of some methoxy-
LPCís modified with one or two sulfur atoms, which
native counterparts are toxic (LPC 14:0 and LPC
16:0). Additionally, the possibility of membrane
perturbation by LPC molecules was controlled by
assessment of lactate dehydrogenase (LDH) release,
which led to a conclusion that the tested LPC ana-
logues at 10 µM do not rapture lipid bilayer regard-
less of their structure and chemical modification
and/or expected toxic CMC (Table 1) (2).

Research group of Rao et al. was also interest-
ed in activity of different LPCs with respect to their
specific structure. The group investigated LPC 16:0,
18:1, 18:2 and 20:4 in terms of their influence on
vasorelaxation. Table 1 presents sample data on
prostanoid release from LPC-treated (10 µM con-
centration) aortic rings. Detection included PGF1α,
PGE2, PGI2 and thromboxane A2 (TXA2) (36). As
can be noticed from Table 1. different forms of LPC
caused significantly different effects on the same
experimental model. For instance, LPC 20:4 was
capable of prostanoid release induction at 5-fold
greater level than LPC 16:0. Taking into account all
the stated research on varied LPC activities, it can be
surely stated that there are plenty of distinct biolog-
ical effects exerted by LPCs depending on their spe-
cific structure. (2, 35, 36).

Despite obvious connection between acyl
chain structure and biological impact of LPC
species, the concept of research regarding this issue
is neglected in many cases. As far as the role of LPC
in diabetes is concerned, the only documented activ-
ity concerns LPC 18:1 (13). This LPC species was
defined as a novel ligand of GPR119 ñ a key recep-
tor responsible for regulation of insulin secretion
from β cells of pancreatic islets (13, 37), which is
also engaged in reduction of fat deposition and food
intake. GPR119 is expressed in the human
Langerhans islets at the level of 8% relatively to
glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (38). Its activation entails intracellular
cAMP accumulation connected to release of Gαs

protein (12, 13). Expression of this receptor was also
documented in case of enteroendocrine cells of the
gut (12, 39ñ41), where its activation was related to
stimulation of glucagon-like peptide 1 (GLP-1) and
glucose-dependent insulinotropic peptide (GIP).
This clearly shows that GPR119 is involved both
directly and indirectly in the process of insulin
secretion. What is more, since GLP-1 promotes
expansion of β-cell mass, it is possible that agonists
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of GPR119 may influence both the secre-
tory activity and the viability of β-cells at
the same time (40, 41). Properly chosen
ligand of GPR119 may thus lead to
improved glucose homeostasis in patients
with T2DM, which is currently affecting
over 90% of the patients due to severe
insulin resistance and defective insulin
secretion (42, 43).

Apart from obviously favorable
effects towards T2DM patients, LPC was
also found to improve glucose uptake in
mouse models of T1DM, which is an
insulin independent form of the disease
due to autoimmune destruction of pancre-
atic β cells (11, 42, 43). This means that
induction of insulin secretion from β cells,
which are destroyed in case of T1DM, is
not the only activity of LPC involved in
modulation of metabolism. 

LPC is the most abundant lysophos-
pholipid in human blood. Significant
decrease of its serum concentration was
found to be related with high fat diet and
T2DM condition (44, 45). These observa-
tions are consistent with the previous find-
ings of Soga et al., whose publication
clearly shows that LPC is involved in
modulation of cellular glucose uptake
(13). However, there are also opposite
findings where high-fat diet related obesi-
ty was correlated with increase of palmi-
toleyl LPC (LPC 16:1) and LPC 22:4
serum concentration (46) and LPC 18:0
could be even regarded as a biomarker
positively related to pathological gain in
weight (47).

In the context of regulation of pan-
creatic hormonal secretion it is worth to
pay attention to α cells of Langerhans
islets, which are also reported to express
GPR119 receptor (48). As far as α cells
are responsible for glucagon secretion,
activity of which is antagonistic to insulin,
it suggests crucial role of GPR119 in
maintenance of carbohydrate metabolism,
as well as possibly bipolar biological
activity of its ligands (38). So far, the
potential role of LPC species in glucagon
secretion modulation remains unknown. 

When regulation of insulin secretion
is concerned, GPR55 is another current
research topic. Romero-Zerbo in 2011
(49) proposed GPR55 as a novel target for
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treatment of T2DM as it was found directly involved
in regulation of insulin secretion from β cells. This
receptor is found commonly expressed in various
tissues of the body, including the islets of
Langerhans, however, it is not distributed on α cells
of pancreas (50). Oleoylethanolamide (OEA), which
is common also for GPR119, is one of the ligands of
GPR55 causing enhanced secretion of insulin in in
vitro cell models (51). There are very little literature
data on possible interaction of GPR55 with LPC (1). 

Both diabetes types remain incurable to a high
extent resulting in indispensable life-long treatment
and commonly occurring disease complications
(such as hyperglycemia, obesity, cardiovascular and
gastrointestinal disorders). This devastating disease
affects over 371 million people in the world and is
predicted to be the 7th leading cause of death in
2030 (WHO data). When it comes to Poland, it is the
fourth European country with the highest epidemio-
logical rates with 3 million people suffering from
diabetes, where over one-third is not even aware of
the fact. The obvious need of novel diabetes treat-
ment and prophylaxis methods cause the GPR119-
LPC interaction an important research area and are
expected to expand in the future. It is also a signifi-
cant matter of studies performed by research teams
of IBT LUT.

Beneficial effects of LPC involve regulation of
intestinal uptake of nutritional substances. Research
results from in vitro (e.g., human intestinal Caco-2
cell model) and in vivo studies (rat plasma analysis)
indicate that mixed micelles containing LPLs signif-
icantly influence intestinal uptake of β-carotene and
lutein (10, 52). Particularly, micelles containing PC
and LPC predominant within the composition cause
meaningful increase in uptake of these substances.
This is especially important from the point of view of
treatment of diseases resulting from nutritional defi-
ciencies, such as age-related macular degeneration
(AMD). In this case, an inadequate intake of animal-
and plant-based foods with low-fat content was con-
sidered to be the major cause of this disease. It was
clinically tested that an increased intake of lutein is
positively correlated to increased macular lutein den-
sity and inversely correlated to the progress of AMD
pathogenesis (10). Rodriguez-Navarro et al. empha-
size that chronic exposure to high-fat, LPL-rich diet
can significantly influence the process of aging and
related pathogenesis as dietary lipids are found to
modulate the process of chaperone-mediated
autophagy, involved in intracellular quality control
and response to stress conditions (53).

Dietary available LPC was also found favor-
able to human health as it was recently published

that LPC species administered to diabetic patients of
high risk of cardiovascular disease development
successfully decreases serum concentration of LPA
responsible for platelet aggregation and vein clog-
ging (54). 

Moreover, impaired synthesis of LPC and PC
in case of Alzheimerís patients suggests beneficial
effects of these lipids in the disease therapy (7). It
was also revealed that schizophrenic patients are
characterized by significantly diminished levels of
LPCs in blood plasma, which may influence the
psychosis development as well as result in enhanced
susceptibility to infections (55).

From the point of view of animal husbandry,
activity of dietary-uptaken LPC is particularly
favorable. It is known, that supplementation of fat-
based forage for broiler chickens with LPC as an
emulsifier improves the gain of their body weight
during the starter period (56, 57). Next to increase of
total tract apparent digestibility of fatty acids, LPC
is also found to cause no adverse effects on the ani-
malsí physiology. Focusing on molecular mecha-
nisms associated with the process, LPC is found to
induce secretion of enzymes responsible for absorp-
tion and transport of dietary lipids. Nakano and co-
workers present that oil-feeding accompanied by
mixed lipid micelles build of LPC molecules result
in 10-fold increase in production of intestinal alka-
line phosphatase by the brush border microvilli as
compared to the enzyme release in regular high-fat
diet conditions (experiments in vitro, Caco2 cell
line) (58).

LPC was also found to be connected to patho-
logical conditions related to atherosclerosis. It is
thought to play a significant role in the atherogenic
disease, being a component of oxidized low-density
lipoprotein (LDL) in atherosclerotic lesions. LPC
16:0 also induces human umbilical vein endothelial
cells (HUVECs) and vascular smooth muscle cells
(VSMCs) cell apoptosis processes, which can be
associated with atherogenesis (59). On the other
hand, there are some evidence suggesting that LPC
could be directly engaged in tissue regeneration, as
it interacts with LPC GPR4 receptor, which is wide-
ly expressed in various endothelial cells and
involved in stimulation angiogenesis and cellular
migration (30).

Among other properties, LPC is being a natu-
ral airway surfactant (60, 61), enabling to enhance
viral gene transfer in animal models. Cmielewski
and co-workers examined the effect of airway pre-
treatment with variants of LPC on lentiviral vector
gene transfer efficiency in murine nasal airways in
vivo. Only one hour after administration of LPC
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variants was enough to induce an airway barrier
function. It can be correlated to the effectiveness of
gene expression, where the variants with longer acyl
chains appeared to be more effective. The enhanced
expression correlated with LPC could provide new
options for preclinical development of efficient air-
way gene transfer techniques.

Lysophosphatidylinositol

LPI is a subspecies of LPL containing an inos-
itol head group. It was found present in different
ranges in normal human cells (i.e., endothelial cells
(62), platelets (63), peripheral blood neutrophils
(64)), various cancer cell lines (65ñ72), and animal
cells (i.e., mouse fibroblasts (73) and macrophages
(74), rat brain cells (75)). Concentration of LPI is
different in various tissues (37.5 nM per gram of tis-
sue in rat brain, 2.5 µM in mouse serum and 1.5 µM
in samples of plasma from healthy women (1)) but
the fatty acid composition of LPI is distinctive in
every mammalian cell type. Derivatives of stearic
and arachidonic acids are supposed to be the most
active and abundant species. For instance, 2-arachi-
donoyl (2-20:4) LPI has been reported to have the
highest level of biological activity (75). 

LPI is a product of phosphatidylinositol (PI)
degradation, which is catalyzed by phospholipase
PLA2 (1). Moreover, it was reported that PLA1 can
be also involved in formation of LPI. Yamashita et
al. identified phospholipase DDHD domain-contain-
ing protein 1 (DDHD1, one of members of the mam-
malian intracellular PLA1 family) as a candidate
enzyme involved in LPI formation. It was demon-
strated that purified DDHD1 is capable of generat-
ing 2-arachidonoyl LPI (76). 

Up to date, little is known about the export
system of LPI. According to the report of Yamashita
et al., most of LPI produced by DDHD1 is released
into the medium but it was impossible to identify the
mechanism of this process (76). However, it has
been already found that the ATP-binding cassette
ABCC1 transporter is engaged in export of LPI into
the extracellular media in case of human prostate
cancer PC3 cell line (71).

Deacetylation of LPI by lysophospholipase A
(lysoPLA) was the first known degradation pathway
of this compound species. The process has been
observed in porcine platelets membranes (77). It
was also found that degradation of LPI may be cat-
alyzed by phospholipase C (PLC) with specificity
for LPI (lysoPI-PLC) (77, 78). Another enzyme
involved in LPI metabolism is lysophospholipase D
(lysoPLD, autotaxin), which is present in blood
plasma and serum and converts LPI to LPA (1, 79). 

Physiological role of LPI is still poorly understood.
Even though the first publications concerning plau-
sible biological activity of LPI were published in the
mid-80s (80, 81), little attention was drawn to this
bioactive lipid comparing to LPA or S1P. The
research group of Oka was the first to demonstrate
significant biological activity of LPI, which only in
2007 was described as the most active endogenous
agonist of orphan GPR55 ñ the intrinsic receptor for
LPI (82). At present, LPI is suggested to be able to
activate other GPCRs as well. For instance, LPI was
reported as an activator of human GPR119 in
RH7777 rat hepatoma cells stably expressing this
receptor (13).

First reports devoted to biological activity of
LPI suggested that the compound is involved in
stimulation of insulin release from pancreatic islets.
Metz et al. found that the process was mediated via
intracellular Ca2+ ions mobilization (80, 81). These
results have indicated that LPI may play an impor-
tant role in regulation of the whole body metabo-
lism, also in case of diseases such as obesity and
T2DM. The thesis was verified during further stud-
ies showing increased level of LPI in plasma of
obese patients. Moreover, GPR55 expression is
enhanced in adipose tissue of obese subjects.
Correlation between expression of GPR55 and
weight, body mass index and percentage fat mass
was also found, which was particularly noticeable in
case of women (83). LPI was also reported to
increase intracellular calcium level and expression
of lipogenic genes in visceral adipose tissue explants
and in differentiated visceral adipocytes (1). 

Other biological activities of LPI are related to
artery contraction, cell proliferation and migration
(84). LPI impact on intracellular free Ca2+ concen-
tration was analyzed by Oka et al. using GPR55-
expressing HEK293 cell model. What is more,
Monet et al. demonstrated that application of LPI
induces sustained cytoplasmic Ca2+ concentration
increase in CHO cells, which stably express murine
transient receptor potential cation channel subfami-
ly V member 2 (TRPV2) (85). LPI was also report-
ed to activate Akt and enhance intracellular Ca2+

levels in prostate and ovarian cancer cells (86).
Degradation products of LPI were not observed to
induce mobilization of Ca2+ or phosphorylation of
ERK in GPR55-expressing cells. This proves that
the effects of LPI are due to itself, not its metabolites
(82). Some recent studies have reported possibility
of Ca2+ influx induction by LPI through ion channels
belonging to the transient receptor potential (TRP)
family (87, 88). LPI was found to evoke an increase
in intracellular Ca2+ in CHO cells expressing murine



894 ANNA DRZAZGA et al.

transient receptor potential cation channel subfami-
ly M member 8 (TRPM8). The receptor is mainly
expressed in a subpopulation of dorsal root ganglion
(DRG) neurons that also express GPR55 (89). Other
studies have shown that LPI induces Ca2+ entry in
PC3 cells expressing TRPV2. Induction was
observed even in the presence of capsazein, an
inhibitor of TRPV1, which proves that LPI directly
interacts with endogenous TRPV2 channel of the
PC3 model. This observation suggests that LPI
influenced Ca2+ influx due to translocation of
TRPV2 protein to plasma membrane. However, Ca2+

increase induced by LPI via TRPV2 channel was
observed after some delay, which implies that LPLs
are involved in indirect activation of TRPV2 chan-
nels, unlike in case of lipid ionotropic receptors
(85). On the other hand, it was demonstrated that
LPI/GPR55-exerted effects of sustained, oscillatory
Ca2+ release stimulation are dependent on Gα13 and
require activation of rhoA (90). It was also reported
that effect of LPI in mobilization of intracellular
Ca2+ in PC3 cells entails migration and proliferation
of these cells (71, 85). 

The role of LPI is not limited to stimulation of
Ca2+ mobilization pathway. The compound was
observed to be secreted at high concentrations by
fibroblasts and epithelial cancer cells, in case of
which it showed mitogenic activity (91). LPI was
proposed to play an important role in bone physiol-
ogy due to regulation of osteoclast number and func-
tion. Whyte et al. confirmed high level of GPR55
expression in murine and human osteoclasts, imply-
ing involvement of LPI in stimulation of osteoclast
polarization and bone resorption (92). It was also
proven that under inflammatory conditions LPI is
produced by immune cells (i.e., macrophages) and
involved in stimulation of immunological response
(91). High levels of GPR55 expression were
observed in spleen (93, 94), neutrophils (91) and
mast cells (72). 

Interestingly, LPI was recognized as a regula-
tor of peripheral sensory neuron function as well as
pathological pain (95). As previously mentioned,
LPI stimulates the increase in intracellular Ca2+ con-
centration in DRG neurons and activates TRPM8
channel expressed in this group of neurons.
Therefore, it is able to affect DRG neurons involved
in nociception, associated with neuropathic or
inflammatory pain (89). The same conclusions were
drawn by studies on GPR55 knock-out mice, which
served as models of inflammatory mechanical
hyperalgesia achieved by injection of Freundís com-
plete adjuvant and partial nerve ligation. In this case,
the knock-out murine model response to LPI stimu-

lations was found attenuated, which was further
attributed to increase in levels of IL-4, IL-10, IFNγ
and granulocyte macrophage colony-stimulating
factor (GM-CSF). GPR55 knock-out mice also
failed to develop mechanical hyperalgesia in the
model of neuropathic hypersensitivity (96). What is
more, LPI is supposed to possess neuroprotective
activity, as it can activate the 2-pore domain K+

channels TREK-1 and TRAAK, which are impor-
tant in terms of synaptic function modulation due to
regulation of the neuron membrane potential. This
activity does not seem to involve GPCR associated
signaling, suggesting a non-receptor mediated activ-
ity of LPI. Similar effects were also observed in case
of LPC (86).

Detection of GPR55 in various human cancer
cell lines, including the ones obtained from breast
(68, 70), brain, cervix, skin, pancreas, liver (70),
ovaries, prostate (71) and hematological tumors (69,
70, 72), caused increased interest in the role of
LPI/GPR55 in cancer progression. Clinical data
implicated engagement of LPI in cancer progression
and recurrence (84), which was additionally sup-
ported by research results showing increased LPI
levels in plasma and ascites from ovarian cancer
patients as compared to samples from healthy con-
trols or patients with non-malignant diseases (97).
Correlation between GPR55 expression in breast
cancer tissue and tumor aggressiveness is also
known (70). Moreover, similar observation was
made during analysis of microarray data concerning
pancreatic tumors and glioblastomas (76).

It has been already proven that LPI induces
cell migration present in case of physiological and
pathophysiological processes, such as embryonic
development, immune system activities, inflamma-
tory processes, wound healing, angiogenesis, cancer
progression and metastasis (98, 99). Among other
activities LPI enhances motility of sperm cells
(100), induces directional migration of human
peripheral blood neutrophils with improvement to
their migratory capacity towards 2-AG (the CB2R
agonist) (91) and exerts pro-migratory influence on
human coronary artery smooth muscle cells (SMC)
(101). The compound is also found to induce an
increase in migration of PC3 cells after activation of
TRPV2 channel (85). Migration of highly metastat-
ic MDA-MB-231 human breast adenocarcinoma
cells was found significantly enhanced due to LPI
treatment as well (68). Interestingly, Ford et al.
observed that GPR55 expression in MDA-MB-231
cells is relatively high as compared with poorly
metastatic MCF-7 human breast adenocarcinoma
cells, however, GPR55 overexpression in MCF-7
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cells results in acquirement of their migration abili-
ty. Further addition of exogenous LPI enhanced the
observed effect even more. The results described
here suggest that GPR55 overexpression induced a
pro-migratory phenotype in breast cancer cells and
that LPI may mediate pro-migratory effects via
GPR55 activation. Beside the evidence that LPI
enhanced breast cancer cell chemotaxis, it was also
reported that it can increase cellular polarization and
orientation of nanogrooved substratum (68).
Nevertheless, there are some contradictory findings
on LPI considered as a negative regulator of migra-
tion, which was demonstrated in case of endothelial
cells (EC) (102). LPI was also shown to stimulate
expression of adhesion molecules by endothelial
cells (i.e., VCAM-1 in rabbit aortic EC and ICAM-
1 in human umbilical vein cells) (103).

The first report indicating the role of LPI in
cell proliferation was based on studies devoted to
transformation of rodent fibroblasts with cytoplas-
mic and membrane-associated oncogenes. The
process was followed by an increase in intracellular
levels of glycerophosphoinositol (GPI), which is a
product of LPI deacetylation catalyzed by PLA2
(104). However, the first evidence of direct impact
of LPI on cell proliferation was demonstrated by
Pi��eiro et al., who described mitogenic activity of
LPI inducing proliferation of FRTL5 differentiated
epithelial thyroid cells. Moreover, comparison of
LPI levels in differentiated FRTL5 cells and Kiki
cells stably transformed with the k-ras oncogene
showed increased concentration of the compound in
the latter model (71). Similar results were obtained
by Ross et al., who observed highly elevated levels
of LPI species and LPI metabolites in cells trans-
formed to overexpress ras-p21 (84). Importantly,
enhanced level of LPI was proven to be a conse-
quence of activation of enzymes involved in the Ras
pathway, not a transformation itself (105). LPI was
also detected in the extracellular medium of ras-
transformed fibroblasts, which proves the cells to be
capable of both synthesis and release of the lipid
(106). Increased levels of intracellular and extracel-
lular LPI were observed in k-ras transformed KiKi
cells as well. These results indicate that cancer cells
are able to promote their own proliferation by syn-
thesis and release of LPI. The observation is addi-
tionally supported by the data on the mechanism of
LPI export in PC3 cells, which was found to be
mediated by the ABCC1 transporter (71). 

Altogether, LPI is a mitogen stimulating pro-
liferation of normal and oncogene-transformed
cells. Furthermore, LPI/GPR55 interaction is found
pivotal in maintenance of autocrine loop that sus-

tains prostate cancer cell proliferation (71). The
observation is consistent with data on overexpres-
sion of GPR55 regarded as a strategy of cancer cells
to increase their proliferation, which was demon-
strated both in vitro and in vivo (70). No certain
explanation for the proliferation-inducing effects of
GPR55 overexpression is available so far. However,
there are some data connecting these effects with the
presence of LPI in experimental settings. Andradas
et al. demonstrated that inhibition of cytosolic phos-
pholipase A2 (cPLA2) activity with pyrrophenone in
HEK293 cells blocks proliferation induced by
GPR55 overexpression (70). Pi��eiro et al. achieved
the same effect after genetic ablation of cPLA2.
Importantly, cell proliferation decreased due to
cPLA2 silencing was recovered by addition of
exogenous LPI (71) indicating that cancer cells gen-
erate mitogenic LPI through the action of cPLA2.
According to previously mentioned data concerning
elevated levels of LPI in ascites and plasma from
patients with ovarian cancer, the same proliferation
induction strategy could be used, for instance, by
human gynecological tumors. 

CONCLUSIONS

Research conducted in past years has demon-
strated that many important physiological and
pathophysiological processes are regulated by LPC
and LPI. LPC is identified as a ligand of GPR119
receptor expressed at high level by cells of
Langerhans islets. The compound is proposed to be
involved in carbohydrate metabolism modulation
due to documented stimulation of insulin secretion
and cellular glucose uptake. There are also some
contradictory reaserch leading to conlusion that LPC
is either promoting or attenuating development of
obesity and related metabolic disorders. Yet, it was
described as a favorable means of weight gain pro-
motion in case of animal husbandry. Apart from
metabolism-related issues, LPC was found to pro-
mote would healing, neuroregeneration processes
and nervous system regulation, macular regenera-
tion, and attenuation of autoimmune response.
Molecular mechanisms of these activities remain
poorly understood so far. However, there appeared
several attempts to prove and explain the depend-
ence of particular LPC activity on its species and
chemical modifications.

LPI is defined as endogenous natural ligand
for GPR55. The species is known as intracellular
and cytoplasmic Ca2+ concentration regulator.
LPI/GPR55 system was also demonstrated to be
positively associated with obesity in human. Recent
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studies strongly suggest that LPI/GPR55 plays an
important role in processes related to inflammatory
and neuropathic pain. Moreover, it was shown that
LPI may be involved in the immune system
response during inflammatory condition, as well as
modulation of osteoclast physiology. LPI is also
emerging as a key modulator of proliferation, differ-
entiation, motility and tumorigenesis in diverse cell
types.

The past decade was rich in new findings on
various biological activities as well as associated
physiological and pathophysiological roles of LPC
and LPI. Despite the fact, numerous questions still
need to be answered and further studies are necessary.
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Age-related macular degeneration (AMD) is
one of the most common irreversible causes of
severe loss of vision, including legal blindness. In its
course the disease inevitably leads to serious com-
promise of quality of life. AMD affects several
dozen millions of people over the age of 60 world-
wide, with hundreds of thousands of new cases diag-
nosed each year. Clinically, the disease is classified
into slowly progressing atrophic ñ dry AMD (~85%
of all AMD cases), with advanced or late stage
named geographic atrophy (~35%), and rapidly pro-
gressing neovascular (exudative) ñ wet AMD
(10ñ15% of all AMD cases) (1, 2). The mentioned
clinically distinct two forms of AMD (dry and wet)
have however common molecular and cellular
ìrootsî, which are often referred to as the early-
intermediate stage AMD or age-related maculopathy
(ARM). At early stages, the pathology is developing
asymptomatically; however, later on ñ at certain
moment of the disease progression ñ the patients

start to experience some problems with vision (non-
specific mild signs decreasing the comfort of
vision), which force them to contact an ophthalmol-
ogist. With time, the symptoms tend to become
more pronounced ñ in such patients an ophthalmol-
ogist, after detecting in addition the presence of
drusen in the macula region, as well as hypo- and/or
hyperpigmention of the RPE, or the presence of
newly formed subfoveal blood vessels originating
from the choroid, properly diagnoses the disease as
the dry or the wet form AMD ñ in one eye or both
eyes. 

As already stated, the wet form AMD, charac-
terized by subretinal extravasations of the choroid-
derived neovessels (choroidal neovascularization ñ
CNV) and hemorrhage under and into the photore-
ceptor cell layer in the macula region, is a rapidly
developing and devastating phenomenon diagnosed
in relatively small portion of all AMD cases; thus, a
question arises as to whether the rapidly developing
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ìmacularî CNV, manifesting the presence of the
wet form AMD, is a complication of the dry AMD,
or it represents an independent from atrophic form
(including geographic atrophy ñ GA), macular dis-
ease? An answer to this question may have impor-
tant therapeutic and prognostic implications. Our
knowledge concerning AMD pathogenesis, from its
early stages to advanced pathology, is still incom-
plete, which makes problems in proper interpreta-
tion of many molecular, cellular and clinical phe-
nomena together with their underlying mechanisms,
as well as functional consequences, occurring dur-
ing the course of the disease. And this is the reason
why therapeutic approaches used in the past and at
present were/are of limited efficacy, which particu-
larly is the case with atrophic ñ dry AMD. Since
vascular endothelial growth factor (VEGF) is a pre-
dominant proangiogenic factor in CNV, the wet
AMD can be treated with intravitreous application
of Ñanti-VEGFî agents (Avastin, Lucentis, Eylea).
Till now, there is no approved therapy for dry AMD;
yet, many chemically different agents showing dif-
ferent mechanisms of action are currently in clinical
trials (see last paragraph). 

The aim of this article is twofold: 1. to provide
current knowledge on AMD pathogenesis, with
deeper insight into the early stages of the disease,
and the dilemma on real status of the wet-neovascu-
lar AMD versus the dry-atrophic form, and 2. to
summarize latest efforts on potential therapeutics for
AMD, with emphasis on therapies for the dry form
AMD. 

AMD ñ non-modifiable and modifiable risk fac-

tors

There are many various risk factors that may
predispose or facilitate the pathogenesis of AMD.
Such factors are usually classified as non-modifiable
and modifiable ones. The former group includes
genetic predispositions and age, while the latter
group includes a number of environmental, behav-
ioral or other factors that possibly may, to varying
degree (depending on individual characteristics and
sensitivity), influence molecular mechanisms or cel-
lular processes underlying the disease development
(3). 

Genetic risk factors
Genetic predispositions seem likely to occur,

as much evidence points to a familial component of
AMD. Several genes were earlier identified that
cause diseases with clinical features that overlap
with AMD, e.g., ABCA4, ELOVL4, FIBL-6, APOE,
SOD2. Although mutations in the mentioned genes

may to some extent contribute to the development of
particular features of AMD, they obviously are not
responsible for the advanced and complex AMD
pathology. In 2005, the pioneering discovery of
complement factor H (CFH) as a major AMD sus-
ceptibility gene showed that there is a gene, whose
polymorphism (Y402H), leading to increased activ-
ity of the complement system, likely contributes to
the AMD pathology. Further extensive investiga-
tions, including genome-wide association studies
(GWAS), have confirmed a number of additional
genetic risk loci ñ a total of 20 susceptibility loci,
which considered together can explain up to
60ñ70% of the disease heritability (4). Based on
common SNP (single nucleotide polymorphism)
associations, two loci seem to contribute to the
greatest AMD risk: 1q31 and 10q26, the former
related to already mentioned Y402H variant in the
CFH gene encoding CFH (a negative regulator in
the alternative complement pathway), the latter rep-
resenting non-complement related genes involved in
AMD, i.e., ARMS2 (age-related maculopathy sus-
ceptibility 2) / HTRA1 (high-temperature require-
ment A serine peptidase 1) (5). At present, we know
that a number of other genes within the alternative
complement pathway may be associated with AMD
in both a non-protective and protective manner,
these include genes encoding CFI, C3, C2/CFB, C7
(4, 6). 

Aging as a risk factor
Aging favors the development of AMD, partic-

ularly in predisposed individuals (due to concomi-
tant presence of some additional risk factors). The
term ìage-relatedî in the disease name ñ AMD is
fully justified, as the age is the major (albeit indi-
vidual, i.e., specific to each subject) and unavoid-
able determinant of various dysfunctions at the cel-
lular and organ level. The term ìage-related physi-
ologyî covers several changes or dysfunctions that
may appear important for AMD pathology, such as:
extracellular drusen formation, Bruchís membrane
stiffening (including increasing thickness of Bruchís
membrane and lipid accumulation), intracellular
debris (resulting from oxidative stress-induced
cell/tissue damage, lipofuscin, advanced glycation
end products ñ AGEs), mitochondrial defects, cell
loss and tissue degeneration. Some sort of age-relat-
ed changes may be associated with the deficiency of
necessary microelements/nutrients or with the loss
of function in the aging cells ñ particularly postmi-
totic, i.e., non-regenerable cells as, for example, the
retinal pigment epithelium cells ñ RPE or photore-
ceptors. While the lacking microelements/nutrients
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may be supplied from the outside, thus attempting to
compensate for their deficiency in particular
cells/tissues, we are unable until now to stop the sys-
temic aging process. Considering AMD pathology,
it is however important to precisely differentiate
between age-related ìphysiologicî changes from
already pathologic events/symptoms (7) ñ such task
may sometimes be really difficult to perform, as in
patients with a risk of AMD development, physiolo-
gy, including that related to aging, seems to smooth-
ly shift into pathology. 

Modifiable risk factors
There is an array of environmental and behav-

ioral factors that may increase the risk of AMD
development, their role(s) being likely dependent on
individual sensitivity and functional tissue/organ
characteristics; among them are: 
● cigarette/tobacco smoking ñ this has been identi-

fied as the most consistently reported modifiable
risk factor for the development of AMD, and
increasing the risk of progression to advanced
AMD (8, 9). 

● light (exposure to intensive light in the past) ñ
depending on environmental lighting conditions,
each day the human retina absorbs approximately
1012 to 1015 photons. Although perception of light
(visible spectrum: 400ñ700 nm) by retinal photore-
ceptors is a physiological process, excess of visible
light, especially in the range of shorter wave-
lengths, may show toxic effects (10). The blue
region (400ñ500 nm) of the visible spectrum is of

particular importance since it has a relatively high
energy and can easily penetrate ocular tissues,
including the neural retina with photoreceptors
(11). In addition, ambient radiation from the sun or
from artificial light sources contains varying
amounts of UV irradiation from A to C range
(220ñ400 nm). The shorter the wavelength, the
greater energy and therefore the greater the poten-
tial for photochemical cell/tissue damage.
However, although the longer wavelengths are less
energetic, they can penetrate the eye more deeply
(12). Concerning possible toxic effects: brief expo-
sure to bright light can cause immediate thermal
injury, whereas exposure to light for an extended
period of time may lead to photochemical damage,
including RPE monolayer disruption (10, 11).

● improper diet (fatty, vegetable-poor) ñ specific
dietary recommendations are therapeutically cru-
cial in many ailments and diseases (e.g., diabetes,
arterial hypertension); this may also apply to
AMD, however the expected preventive/thera-
peutic results in AMD patients may be poor and
varying, despite the fact that there is a vast litera-
ture on that topic suggesting the importance of a
proper diet or dietary supplements (13). Dietary
supplements, containing macular pigments (lutein
and zeaxanthin), selected vitamins (E and C)
and/or metal salts (zinc, selenium) ñ all directed
to prevent or fight oxidative stress, are widely
marketed as a strategy for AMD, but clinical data
are inconclusive, giving no firm clues concerning
their real efficacy against the disease (13ñ15).

Figure 1. Physiologic aspects of photoreceptor-pigment epithelium (RPE) functional complex. For explanations see text
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● Hypertension ñ possible, but less defined risk fac-
tor. 

AMD ñ the origin and development of the pathol-

ogy

Although the role of at least five processes
(oxidative stress, lipofuscinogenesis, drusogenesis,
inflammation and neovascularization in wet AMD)
in AMD pathogenesis is commonly accepted, the
onset of the disease remains elusive since the mech-
anism triggering the pathology remains unknown. It
is practically impossible to detect any sign/change at
the very beginning of AMD since, as mentioned ear-
lier, the disease develops inconspicuously over
many years. In order to understand the arising
pathology it is reasonable to enter physiological
events underlying vision, and to analyze those
processes whose course may be deteriorated either
spontaneously or as a result of the action of at least
some risk factors. Figure 1 depicts anatomy and
physiology of the photoreceptor-retinal pigment
epithelium (RPE) complex, showing also possible
propathogenic mechanisms related to light exposure
and oxygen supply. 

AMD is a slowly progressing disease of degen-
erative characteristics, with meaningful clinical
symptoms occurring many years later, usually in the
elderly (60+ years) population. The evidence shows
that the degeneration affects primarily the retinal
pigment epithelium (RPE) cells and secondarily
photoreceptors; early changes in the Bruchís mem-
brane and the choroid are also possible. 

The AMD pathology takes place within func-
tional anatomic complex of the macula region
embracing: photoreceptors, the retinal pigment
epithelium cells (RPE), the Bruchís membrane and
the choroid. 

Photoreceptors and RPE cells. Physiological roles
of the last three structures listed above are to create
optimal conditions for work and activity of photore-
ceptors (rods and cones), whose principal role is to
absorb photons of light and thus detect visual signals
from surrounding environment. RPE cells, forming
monolayer, are in tight contact with photoreceptor
inner segments (PIS) containing densely packed
molecules of visual pigments ñ their function is cru-
cial for activity and survival of photoreceptors. RPE
cells are multifunctional and take part in the blood-
retina barrier structure and function, delivery of
nutrients (including oxygen) to photoreceptors, col-
lection of metabolic products from photoreceptors,
the role ñ together with photoreceptors ñ in the visu-
al (retinoid) cycle, phagocytosis and enzymatic

metabolism of constantly shed apical fragments of
PIS during the vision process. All the mentioned
RPE functions are interrelated and indispensable for
maintaining photoreceptorsí physiology (see Fig. 1).

The Bruchís membrane is built from 5 layers con-
taining collagen and elastin; its role is to physically
separate neural retina from vascular bed consisting
of choroidal microvessels. Changes in the structure
and function of the Bruchís membrane can facilitate
and underlie the CNV phenomenon.

The choroid represents one of the two circulatory
systems delivering blood to the retina; the choroid or
choroidal system, via its choriocapillaries, is respon-
sible for supplying the outer third part of the retina
(containing photoreceptors and RPE cells; which
physiologically remains completely avascular) with
necessary microelements and oxygen. 

It seems highly unlikely that there is only one
signal/mechanism responsible for initiation of the
pathology. A widely accepted scenario takes into
consideration an interactive role of two, three, or
even more factors. Thus, due to interplay of plurali-
ty of risk factors, both endogenous and exogenous
or behavioral, which might predispose, or even con-
tribute to the development of the disease, some
important physiological processes underlying vision
may become irreversibly deteriorated. In other
words, the critical physiological processes responsi-
ble for the vision process (including the visual exci-
tation cascade) move beyond the limits of home-
ostasis, creating a biochemical platform for the
future pathology. This involves: uncontrolled and
non-neutralizable oxidative stress, intensified lipo-
fuscinogenesis in the retinal pigment epithelium
(RPE) cells, formation of drusen under the RPE
monolayer (i.e., in the direction of Bruchís mem-
brane) ñ the process called drusogenesis, low grade
chronic inflammatory process known as parainflam-
mation, and enhanced activity of the complement
alternative pathway (as a result of e.g., Y402H
mutation in CFH gene); some additional less recog-
nized factors/phenomena may also play in concert in
building future pathology (16ñ19).

RPE ñ the primary site of AMD pathology

Our bodies contain many non-regenerable
(postmitotic) cells, particularly within the central
nervous system. These include the photoreceptors
(only the external segments that contain photopig-
ments, i.e., photoreceptors outer segments (POS),
are subject to regeneration) and retinal pigment
epithelium (RPE) cells. In the pathogenesis of
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AMD, RPE cells are the first cells that become
metabolically inefficient and thus undergo degener-
ation; dysfunction and atrophy of photoreceptors is
secondary, as they are unable to function and sur-
vive without functionally efficient RPE cells, and
therefore also undergo degeneration. The pathologi-
cal process involves mostly a small region of the
retina, known as the macula, where the cone pho-
toreceptors, responsible for acute and color vision,
are predominant. Therefore, first clinical symptoms
of AMD include several nonspecific symptoms
resembling malfunction of the vision process, e.g.,
blurred vision, defects with central vision of various
intensity or gradual loss of color vision, ìwarpingî
of perceived images (1, 20). 

When the eyes are open, photoreceptors are
continuously working, absorbing light photons and
ìrecordingî the image of the environment. In other
words, eyes permanently record this image in an
automatic fashion, generating the first signal of a
complex, multisynaptic vision process. POS, filled
with visual pigment molecules, are characterized by
significant functional dynamics; they wear off upon
continuous function and, as a consequence, the api-
cal fragments are constantly shed and captured by
neighboring RPE cells. At the same time, POS are
being rebuilt in order to maintain appropriate size
(which is an important parameter determining the

efficacy and survival of photoreceptors).
Regeneration proceeds from the perikaryon, i.e., the
photoreceptor inner segment (PIS), and requires
numerous building blocks, including docosa-
hexaenoic acid (DHA). These building blocks are
supplied by the RPE cells and originate partly from
the captured POS fragments and partly from circula-
tion (consumed food) (19).

One of the many important roles played by the
RPE cells is ìdigestionî of the absorbed (and con-
tinuously being absorbed) photoreceptor material
stored in phagolysosomes. Despite the fact that
phagocytosis and enzymatic degradation occurring
as a result of the activity of numerous lysosomal
enzymes and physiological processes that had devel-
oped over thousands of years in creatures dwelling
on Earth and making use of the visual organ system
(retinal processes that govern visual perception in
many vertebrates, including humans, are generally
similar), they seem to be of limited efficacy, at least
in humans. This claim is supported by systemic
accumulation of lipofuscin, known as the age pig-
ment, in RPE cells (Fig. 1).

Lipofuscinogenesis ñ age-related physiology or

pathologic event?

Lipofuscin and the process of its formation,
i.e., lipofuscinogenesis, are not the attributes of RPE

Figure 2. Interrelations between molecular and cellular processes occurring at early-moderate stages of AMND pathogenesis. For expla-
nations see text. Note that some mechanisms may form a kind of vicious circuses. Abbreviations: RAL ñ retinal, ROL ñ retinol, at-RAL ñ
all-trans-retinal, atREs ñ retinyl esters, DHA ñ docosahexaenoic acid, HHE ñ 4-hydroxy-2-hexenal, HOHA ñ 4-hydroxy-7-oxyhept-5-ene
acid, MAC ñ membrane attack complex
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cells and connections between photoreceptors and
RPE, as they are also present in other non-renewable
cells, such as neurons, cardiomyocytes or skeletal
muscle cells. Lipofuscin, being accumulated in var-
ious cells in the course of aging, is also known as
ìage pigmentî. As such, lipofuscinogenesis, togeth-
er with accumulated lipofuscin, could be considered
as events lying within frames of physiology or
ìextendedî or age-dependent physiology. 

However, there is an important compositional
difference between the retinal lipofuscin and the
pigment accumulated in other body cells. The retinal
lipofuscin has a unique characteristics because of
the presence of retinoids (vitamin A derivatives),
originating from the visual cycle, particularly bis-
retinoids ñ products of spontaneous fusion of two
molecules of all-trans-retinal, generated via pho-
toreaction (i.e., by absorption of photons) by 11-cis-
retinal, a cofactor of the visual pigment. Taking into
account that bisretinoids are photocytotoxic com-
pounds, an important issue deals with conditions
promoting their formation ñ do they represent
ìextendedî (and likely reversible) physiological
reactions, or they, after reaching certain level of
activity, direct pathological pathway/s? (see Fig. 2).
In order to answer such questions, it is necessary to
follow reactions/pathways underlying first steps of
vision physiology. 

The cis→trans retinal transformation is the
crucial first step of visual cycle, initiating further
conformational transformations of opsin (i.e., the
visual pigment protein) into its active forms (e.g.,
meta-rhodopsin II), capable of progressing the visu-
al cycle with the final effect consisting in the closure
of cGMP-dependent cation channel in the cellular
membrane of photoreceptors and quenching the so-
called darkness current. In this time, the cellular
membrane of photoreceptors is hyperpolarized only
to regain the state of being ready to absorb another
photon, i.e., the depolarization state; the active pig-
ment, capable of absorbing photons, is a molecule,
e.g., rhodopsin, that contains a light sensitive co-fac-
tor, 11-cis-retinal (21). 

The all-trans-retinal (at-RAL) formed, follow-
ing photon absorption, is completely dissociated
from the visual pigment and undergoes further phys-
iological transformations in the retinoid cycle that
takes place in both photoreceptors and RPE cells
(Fig. 2). However, part of at-RAL that does not bind
the ABCA4 (ATP-binding cassette [transporter] A4
type, also known as ABCR), transporting the
retinoid into the sites with all-trans-retinal dehydro-
genase activity, ìfalls outî the cycle and sponta-
neously dimerizes (using often ethanolamine as a

ìlinkerî) into phototoxic bisretinoids, including
A2E (N-retinylidene-N-retinylethanolamine) (Fig.
2). Till now, at least 25 bisretinoid fluorophores
originating in photoreceptor cells and resulting from
reactions of all-trans-retinal have been indentified
(22, 23). A2E, which is the best characterized lipo-
fuscin component, seems to represent a thoroughly
established stress-inducing product (24ñ26). Among
various biological features of A2E is its, and espe-
cially furano- and peroxy- metabolites, significant
ability to activate the complement system (an alter-
native pathway) (27, 28), which is an effector mech-
anism of the innate immunity, capable of efficiently
and automatically acting in systemís defense,
including destruction of ìownî cells (29ñ31).

Accumulation of lipofuscin deposits in RPE
cells is a hallmark of aging in the eye, and in fact is
manifestation of metabolic inefficacy of their lyso-
somal compartment, characterized by reduced
autophagy (32ñ34). The reason for this inefficacy
remains unknown, although considering molecular
complexity of autophagic processes, the reasons
may be multiple, including hypofunction or insuffi-
cient quantity/activity of lysosomal enzymes ñ
cathepsins being most predominant in normal condi-
tions. Lipofuscin deposits accumulate with age, and
the adverse effects of accumulating products of
oxidative stress that accompanies lipofuscinogene-
sis are intensified. Local inflammatory reaction that
develops at certain moment, being manifested by an
atypical process referred to as para-inflammation,
drusogenesis (drusen, pesudodrusen), and peroxida-
tion of polyunsaturated fatty acids (PUFAs) and
PUFA-derived oxidative protein modifications,
become the driving forces of the developing AMD
pathology (Figs. 2 and 3).

Recently, however, using imaging mass spec-
trometry, a lack of correlation between the spatial
distribution of A2E and lipofuscin fluorescence in
the human retinal pigment epithelium (RPE) has
been reported (35), an observation rising some
doubts on the role of this bisretinoid in increasing
lipofuscin fluorescence observed in the central RPE
with aging. This potentially important observation
needs further verification and, when confirmed,
requires rethinking the A2E in relation to both aging
and AMD retina. 

Long-chain PUFAs ñ oxidative modifications 

and formation of carboxyalkylpyrrole-protein

adducts

Fatty acids are present in the most diverse
forms of life and perform important functions as
lipid components in the structure of the
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plasmatic/cellular membranes, being responsible for
e.g., membrane fluidity, and involved in metabol-
ic/signaling processes; they are important sources of
energy and precursors of signaling molecules
(including pro-inflammatory, anti-inflammatory,
vasoactive, and many other mediators). The vast
family of fatty acids comprise saturated and unsatu-
rated compounds, the latter containing one or more
double bonds between carbon atoms, C=C, in a
hydrocarbon chain, referring to, respectively,
monounsaturated or polyunsaturated fatty acids
(PUFAs). Long-chain PUFAs include such com-
pounds as: arachidonic acid (AA or ARA; four C=C
bonds), eicosapentaenoic (EPA; five C=C bonds), or
docosahexaenoic acid (DHA; six double C=C
bonds). 

PUFA residues of membrane phospholipids are
very sensitive to oxidation and the action of reactive
oxygen species (ROS), the process known under the
term of ìlipid peroxidationî. Peroxidation of highly
unsaturated lipids (e.g., AA, EPA, DHA) leads to
complex mixtures of harmful products, including
malondialdehyde, acrolein, 4-hydroxy-2-nonenal, 4-
hydroxyhexenal, as well as a number of hydroxy-ω-
oxoalkenoic acids. The latter compounds, together
with their derivatives of the carboxyalkylpyrrole
type, are produced in the central nervous system,
including the retina. Although structural unsatura-
tion predisposes long-chain PUFAs for peroxidation

with resultant harmful compounds, it should be
emphasized that these unsaturated fatty acids play
many important physiological roles, which, ironical-
ly, are related just to their structural unsaturation.

Photoreceptor cell membranes contain excep-
tionally large amounts of long-chain PUFAs in gen-
eral, and particularly the most unsaturated docosa-
hexaenoic acid (DHA). It is this high unsaturation
which makes DHA particularly susceptible to spon-
taneous peroxidation and fragmentation into cyto-
toxic compounds, e.g., 4-hydroxy-2-hexenal (HHE)
and 4-hydroxy-7-oxyhept-5-enoic acid (HOHA), the
latter being a member of hydroxy-ω-oxoalkenoic
acids. HOHA may additionally fuse with protein
molecule (e.g., albumin) to form immunogenic car-
boxyethylpyrrole-protein adducts, e.g., CEP-albu-
min adduct (Fig. 2) (23, 36ñ39).

It has been shown that CEP-protein adducts are
formed more abundant in ocular tissues (drusen,
Bruchís membrane) from AMD patients than from
normal human donors, an observation suggesting
their role in the pathogenesis of AMD (36, 40). CEP
immunoreactivity was detected not only in human
retina, but also in human plasma, with values being
again significantly higher in the plasma of AMD
donors than in the plasma samples of healthy donors
(41). Interestingly, the plasma CEP immunoreactiv-
ity positively correlated with CEP autoantibody titer
(41), indicating that CEP behaves as an antigen

Figure 3. Principal molecular events underlying the development of AMD pathology. For explanations see text 
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which generates production of specific anti-CEP
antibodies (Fig. 2). The immune-mediated events
related to immunogenic CEP-protein adducts, which
in AMD patients are probably generated through
many decades, may contribute as one of many
molecular links to the development of AMD pathol-
ogy. Although direct evidence of the role of CEP-
protein adducts in AMD pathogenesis in humans is
lacking, recent experiments carried out on mice
immunized with CEP-modified mouse serum albu-
min (CEP-MSA) and Freundís adjuvant (used in an
attempt to rise the level of sensitivity to endoge-
nously generated CEP) have shown that the retinas
of such animals produced changes similar to those
seen in retinas of AMD-suffering peoples; they
included: accumulation of drusen, swollen Bruchís
membrane, fixation of complement-C3d product in
Bruchís membrane, lesions in the RPE cells,
decreased electrophysiological responses to light
(42, 43). In addition, in mice with laser-induced rup-
ture of Bruchís membrane (an accepted experimen-
tal model of CNV), subretinal injection of CEP-
MSA significantly augmented CNV, the effect
being similar to that produced by injections of
VEGF, a major proangiogenic factor (37). 

Concerning oxidative stress and the retina, one
should not forget that the supply of oxygen (and
microelements/nutrients) via the choriocapillary
system into photoreceptors-RPE cells complex is
one of the largest in primates. Taking into account
the functional specificity of the retina, particularly
of photoreceptors (photosensitivity, extensive
metabolism, high partial pressure of oxygen being
the substrate for the formation of oxygen-derived
radicals), one may suspect that the retina is particu-
larly well predisposed for formation of ROS (39).

The nature must have predicted the potentially
adverse, propathogenic processes, such as oxidative
stress or lipofuscinogenesis, in the retina, as the tis-
sue, and particularly the macular region ñ very
important for acute and color vision in primates ñ
has been equipped with an array of antioxidative
defense systems, including specific macular pig-

ments (MPs): lutein, zeaxanthin and meso-zeaxan-
thin (44).1

Proper functioning of retinal antioxidation
defense systems is believed to avert potential early
propathogenic changes that may lead to AMD.
These propathogenic changes are in fact physiolog-
ical reactions that become functionally (chemically)
impaired due to their intensity and the accompany-
ing overproduction of ROS, crucial transformations
of ìvisualî retinoids into byproducts ñ bisretinoids,
and peroxidation and fragmentation of long-chain
PUFAs (Figs. 2 and 3). This may be generally due to
indisposition of the aging body ñ its organs, tissues
and cells, and hypofunction of the aforementioned
antioxidative defense systems, both enzymatic and
non-enzymatic. Since these systems are dependent
on the supply of exogenous nutrients, thus their
activity is diet-dependent (13) ñ hence the idea of
the role of diet and dietary supplements as preven-
tive/therapeutic modalities for AMD (read further). 

Drusen and drusogenesis

Another pathogenic component of AMD are
drusen that are amorphous deposits accumulating
extracellularly in the area between RPE and the
inner collagenous zone of Bruchís membrane (1,
45ñ47). Drusen are considered the hallmark of
AMD (1, 20). Clinically, they are divided into two
main phenotypes, ìhardî and ìsoftî, depending on
their relative size and shape. Although a few small
(< 63 µm) hard drusen can be found in at least 95%
of the aged populations (1), the presence of numer-
ous larger (≥ 125 µm) hard drusen, and especially
soft drusen (≥ 125ñ250 µm) in the macula is consid-
ered ñ particularly when accompanied by pigment
irregularities or depigmentation ñ a major visible
risk factor for developing the advanced forms of
AMD. In fact, it was shown that degenerative
changes, with either impending or executed pho-
toreceptor cell death, occur in populations of pho-
toreceptors overlying drusen (with a tendency to
extend laterally to drusen) of all sizes, including
even small subclinical structures (< 63 µm) (45, 46). 

1 It should also be mentioned that the classical antioxidative systems present within the body are classified as either enzymatic or non-enzy-
matic. Enzymatic systems include three basic enzymes: superoxide dismutase (SOD), catalase and glutathione peroxidase, which are
dependent on metal ions, such as zinc, copper, manganium or selenium. The non-enzymatic system consists of carotenoids (including the
mentioned macular pigments ñ lutein, zeaxanthine, meso-zeaxanthine), vitamins E and C and glutathione. The enzymatic system is endoge-
nous; however, the metal ions that are required for its proper function are exogenous, i.e., must be supplied with food. As far as the non-
enzymatic is concerned, only glutathione is an endogenous antioxidant. The remaining elements of the system, i.e., carotenoids and vita-
mins E and C are exogenous factors supplied with food or appropriate dietary supplements. The role of carotenoids is to neutralize singlet
oxygen and reactive free radicals. Whatís interesting, the mechanism underlying these two activities of carotenoids are different and neu-
tralization of free radicals may, in certain conditions (e.g., those when excessive amounts of radicals are present), change the antioxidative
activity of these compounds into prooxidative activity.
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Drusogenesis is a complex and multifactorial
process taking place slowly over many years, and
the idea is that the negative impact of the forming
drusen on overlying (and neighboring) RPE-pho-
toreceptor cells relies not only on the physical dis-
placement of the RPE monolayer and photorecep-
tors by them, but also on their indirect influence,
most probably via the activation of the immune sys-
tem and local inflammation (48). Proteomic and
immunohistochemical analysis of drusen has
revealed many protein constituents, including ñ in
addition to RPE remnants ñ a number of immune-
associated elements/molecules, such as dendritic
cell processes, immunoglobulins, class II antigens,
and components of the complement cascade, e.g.,
activators, inhibitors (notably CFH), activation-spe-
cific complement fragments, and terminal pathway
components, including the membrane attack com-
plex (MAC; C5b-9), the latter being lethal not only
to foreign pathogens but also to local host cells and
tissues (such as RPE, photoreceptors, and other ocu-
lar structures) (36, 48, 49).

The complement system is the key element of
the innate immune system in host defence (50, 51).
It seems likely that local inflammation and activa-
tion of the complement cascade, with uncontrolled
generation of MAC, may actively contribute to dru-
sogenesis, RPE/photoreceptor degeneration, and
Bruchís membrane disruption (associated with neo-
vascular ñ wet AMD) (17, 47). And vice versa, at
least some material collected in drusen is endowed
with immunogenic properties (e.g., CEP ñ the lipid
peroxidation product), which activate T-cells and
macrophages, leading thus to stimulation of the
immune responses of both innate and adaptive
immune systems that in AMD work in concert (31,
52). 

Although drusen constitute an established link
in the pathogenesis of AMD (drusen are in fact a
hallmark of AMD), they alone do not seem to be
sufficient to drive the AMD pathology.

Inflammation

Although the role of inflammation in the
pathogenesis of AMD is widely accepted, obviously
AMD is not a classic inflammatory disease (31, 53,
54). The state that resembles in some aspects inflam-
mation and may apply to the process taking place in
AMD neurodegenerative pathology is named
parainflammation (55). This process is thought to be
a tissue response to noxious stress induced by vari-
ous stressors, including oxidative stress. It usually
has slow course and characteristics of low grade
chronic process which intensifies with age (56).

Inflammation ñ parainflammation plays in concert
with the complement system (54). 

In consequence, parainflammation, together
with microglia activation and macrophage infiltra-
tion, as well as activation of the complement cas-
cade, especially alternative pathway, with uncon-
trolled generation of MAC, may actively contribute
to AMD development by increasing drusogenesis,
RPE/photoreceptor damage, leading to their degen-
eration, and Bruchís membrane disruption (associat-
ed with the late-stage neovascular AMD). 

Lipofuscinogenesis, oxidative stress, drusogene-

sis, PUFAs peroxidation-fragmentation and

inflammation ñ how far to AMD?

All the mentioned processes ñ lipofuscinogen-
esis, oxidative stress, drusogenesis, PUFAs peroxi-
dation-fragmentation and parainflammation ñ can be
formed in different tissues to varying extent even in
physiology, and more intensively in age-related
physiology (without obvious pathological symp-
toms); however, their pathogenic potential reveals
when they are overactive for years and their prod-
ucts formed in excess, and/or in the presence of
some additional factors favoring or strengthening
propathogenic mechanisms. 

The retina lipofuscin contains an array of visu-
al/retinoid cycle-derived retinoids (which are absent
from other age pigments ñ lipofuscins accumulated
in e.g., neurons, cardiomyocytes, skeletal muscle
cells), and just their presence, and especially the
presence of various bisretinoids (e.g., A2E) endowed
with photocytotoxic potential, renders the ocular
age-pigment (lipofuscin) into a group of endogenous
material with a high pathogenic risk. The process of
lipofuscinogenesis is tightly linked with oxidative
stress, the latter having an impact on PUFAs peroxi-
dation and fragmentation, as well as formation of
immunogenic carboxyalkylpyrrole-protein adducts
that accumulate in drusen and blood. Thus again,
concerning PUFAs-derived oxidative protein modifi-
cations, the retina, due to intensive supply of oxygen,
high levels of light exposure, and distinctly high lev-
els of a given fatty acid such as most unsaturated
DHA, results in its natural predisposition to ROS
generation and PUFAs peroxidation. These phenom-
ena, together with chronic low grade inflammation
(parainflammation) related with activated immune
system and drusen-containing ingredients with dif-
ferent propathogenic ñ immunogenic potential, are
prone to generate pathologic responses, whose inten-
sity rises with aging, culminating in the gradual
appearance of clinically-relevant visual symptoms
typical for early-intermediate stages of AMD. 
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Interestingly, there are more and more experi-
mental data which strengthen the role not only of
innate immunity, but also of adaptive immunity in
AMD development (52, 54, 57ñ59). A question
whether AMD should be renamed into autoimmune
macular disease becomes a vivid issue (59), as
genetic predispositions include genes, whose SNPs
lead to enhanced immune responses (6) ñ the risk
factors that may be active from the very beginning
of our existence. 

Choroidal neovascularization

The presence in the macula region of subfoveal
newly formed blood vessels originating from
choroidal circulatory system (choroidal neovascu-
larization ñ CNV) in AMD patients is nearly auto-
matically diagnosed as the wet AMD. CNV is an
example of neoangiogenesis or angiogenesis and is
a process of blood vessel formation (angiogenesis)
based on existing vessels. 

Blood vessels formed during vasculogenesis,
mainly in embryonic life, do not undergo further
growth but are stable. The processes which require
periodic blood vessel reconstruction, e.g., menstrua-
tion, placenta formation or changes in the mammary
gland during lactation, form an exception ñ they rep-
resent physiologic neoangiogenesis. Another type of
physiological angiogenesis is the formation of ves-
sels in a damaged tissue/organ requiring repair (e.g.,
wound healing). Neoangiogenesis may also occur as
an unwanted phenomenon ñ pathologic angiogene-
sis, as is the case for example during tumor growth,
or its occurrence in physiologically avascular tis-
sues, such as cornea, vitreous body or the retina
macula region. Principal mechanisms underlying
physiologic and pathologic angiogenesis are gener-
ally similar (although some differences is vessel
quality may exist); different may be causing factors,
although hypoxia is a major direct proangiogenic
condition. A simplified sequence of hypoxia-driven
angiogenic pathway may be as follows: hypoxia
→HIF-1 (hypoxia-inducible factor) → [gene
expression] VEGF-A (vascular endothelial growth
factor) → VEGFR-2/VEGFR-1/NRP-1 driven sig-
naling → angiogenesis. 

Neovascularization results from a functional
dominance of angiogenic factors (e.g., vascular
endothelium growth factor ñ VEGF) over antiangio-
genic/angiostatic factors (e.g., pigment epithelium
growth factor ñ PEDF), despite whether the primary
event is an increase of angiogenic activity or a
decrease of antiangiogenic activity. Molecularly,
angiogenesis-neovascularization is a highly com-
plex process involving numerous specific mole-

cules, receptors and signaling pathways (60, 61).
Many of them have been recognized and some are
targets for modern therapeutics.

Regarding CNV in AMD, an initiation of sub-
foveal process of neovascularization originating
from microcapillary blood vessels of the choroid is
still unclear, particularly when the causing factor(s)
and primary molecular/cellular events are concerned
(62ñ64). 

One of the postulated proangiogenic mecha-
nisms may be linked to the existence of drusen
between RPE monolayer and Bruchís membrane.
The growing number and size of drusen, as well as
the appearance of soft drusen, may lead to local
detachment of RPE from Bruchís membrane and
choriocapillaries (the latter supplying blood, oxygen
and nutrients to external retina layers) and, in conse-
quence, to the appearance of local hypoxia. Hypoxia
subsequently provokes the expression of hypoxia-
inducible factor-1α ñ HIF-1α, which, after binding
with HIF-1β, becomes an active molecule (HIF-1)
capable of promoting expression of several genes,
including gene encoding VEGF-A family of proan-
giogenic factors stimulating the initiation of
choroidal neovascularization ñ CNV (wet AMD). 

Oxidative stress and chronic low grade inflam-
matory process ñ parainflammation (both taking part
in the AMD pathogenesis) may also contribute to
the initiation of CNV, because in the course of these
processes many factors of various biological activi-
ty are expressed, including proangiogenic factors,
e.g., VEGF-A (but not only). It is worth of mention-
ing that recently published experimental data have
documented that oxidative stress is in fact able to
promote ocular neovascularization (65). 

Experiments carried out on mice with laser-
induced rupture of Bruchís membrane (an animal
model of CNV) have shown that subretinal injection
of CEP-MSA (mouse serum albumin) significantly
augmented CNV (37). Further experiments utilizing
the ìhumanî adduct CEP-HSA (human serum albu-
min) have documented angiogenic properties of the
adduct in two widely used angiogenesis model sys-
tems, namely the chick chorioallantoic membrane
and rat corneal micropocket assay. The obtained
results showed CEP-HSA to be highly potent (active
in picomolar amounts) inducer of neovasculariza-
tion that utilized VEGF-independent pathways (37).
While VEGF realizes its action via specific VEGF
receptor-mediated signaling pathway, CEP-induced
angiogenesis probably involves activation of toll-
like receptor type 2 (TLR2) (66). 

The mechanisms (depicted above) possibly
underlying the initiation of CNV in AMD patients
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strongly suggest that the CNV phenomenon can be
considered a complication of the dry-atrophic form
AMD (see Fig. 3).

The cited observations referring to VEGF-
independent CNV may have important practical
consequences, since CNV occurring in wet AMD is
currently treated with anti-VEGF drugs (read later).
Yet, CNV resistant to anti-VEGF therapy is not
unusual in AMD patients, indicating in such cases
the role of VEGF-independent mechanism(s).
Therefore, it is not unlikely that in such VEGF-inde-
pendent CNV in AMD patients, CEP oxidative pro-
tein modifications and TLR2-directed signaling
pathway may operate ñ a suggestion that is possible
(based on animalsí data), yet requiring experimental
support for its validity in humans. 

Detailed molecular and clinical analysis of and
discussion on ocular neovascularization, including
CNV, is presented in recently published articles (60,
61, 63). 

Therapeutic approaches

Although the symptomatology of AMD is rel-
atively straightforward, there is evidently many var-
ious pathogenetic factors, and thus complex mecha-
nisms underlying the disease. Some mechanisms lie
within frames of aging physiology, some touch the
level of pathology, and some represent already irre-
versible pathology ñ everything with a tendency to
increase its activity as a function of age.
Furthermore, not all molecular links in the disease
pathogenesis are recognized. For these reasons,
available therapies are not causal treatments but,
generally, they help to avoid or, what happens more
frequently, to retard further vision loss rather than to
substantially improve vision. None of up-to-now
used treatments can definitely ìcureî the disease or
reverse its course. The use of anti-VEGF agents in
patients with the wet form AMD may be considered
a therapeutic breakthrough, due to their positive
effects on quality of vision at least in some patients,
yet currently much effort is still done in searching
new more effective approaches. The situation con-
cerning therapy of the dry ñ atrophic AMD is really
depressing, as there is no approved strategy for this
condition; however, an intensive research to find
acceptable remedy is in progress. 

Wet ñ neovascular AMD

Photodynamic therapy
Not far ago, in 2000, an approval of the photo-

dynamic therapy (PDT) using an intravascular pho-
tosensitizer verteprofin (a benzoporphyrin deriva-
tive monoacid, BPD; Visudine) and low energy vis-

ible red laser (689 nm), has at that time revolution-
ized the treatment of rapidly progressing and devas-
tating subfoveal CNV. The verteporfin-based PDT
or vPDT procedure works by inducing occlusion of
new vessels ñ this effect is achieved by light-evoked
activation of verteporfin with a subsequent transfer
of its energy to molecular oxygen, resulting in the
formation of highly reactive singlet oxygen capable
of producing direct damage of endothelial cells.
Although vPDT has become increasingly prevalent,
its effect on the patientsí vision is limited ñ there is
a large number of CNV recurrences after PDT and
the unpredictable repetition of treatments in 3-
months intervals in PDT treatment (67, 68). At pres-
ent, verteporfin-based PDT alone is rather rarely
used in the clinic; it can be used however in combi-
nation with anti-VEGF agent and/or steroid as a sec-
ond line therapy in patients not responding to
monotherapy with anti-VEGF agents (68, 69). 

Anti-VEGF therapy
Currently, three anti-VEGF agents are in use in

ophthalmology: bevacizumab (Avastin), ranibizum-
ab (Lucentis) and aflibercept (Eylea). All agents are
injected intravitreously under sterile conditions and
require proper treatment schedule.

Avastin ñ bevacizumab, a full-length human-
ized monoclonal antibody (MW ~149 kDa) that tar-
gets all isoforms of VEGF-A family. Its basic char-
acteristics is: bioavailability: 100%, half-life (TΩ): 20
days (range: 11ñ50 days), dissociation constant:
0.5ñ1 nM, it binds with two VEGF molecules.
Avastin is a drug approved in 2004 (FDA) for intra-
venous use in oncology. Soon, in 2005, commer-
cially available Avastin applied intravitreously was
tested in AMD patients with CNV and appeared an
effective drug, becoming since then and until now
the most widely used anti-VEGF agent throughout
the world (due to its low cost and good efficacy
comparable to Lucentis and Eylea). Avastin has no
official registration for its use in wet AMD and is
used on an ìoff-labelî basis. One intravitreous injec-
tion contains 1.25 mg of bevacizumab in 50 µL of
the original commercially available sterile solution
(vials containing 100 mg bevacizumab in 4 mL solu-
tion). 

Lucentis ñ ranibizumab is a recombinant
humanized monoclonal antibody fragment (MW
~48 kDa) that inhibits all isoforms of VEGF-A.
Basic charcteristics of ranibizumab: bioavailability:
100%, TΩ (vitreous): ~10 days, dissociation constant:
0.14 nM; it binds one VEGF molecule. In fact,
ranibizumab is a modified fragment of bevacizumab
showing spectrum of clinical activity similar to that
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of bevacizumab. Lucentis was approved as a thera-
py for wet AMD in 2006 (FDA) and in 2007 (EMA).
One intravitreous injection contains 0.5 mg
ranibizumab in 50 µL volume. 

Monthly injections of ranibizumab and beva-
cizumab are the current ìgold standardî therapy in
the management of CNV associated with AMD. The
treatment schedule includes three monthly injec-
tions followed by individualized treatment regi-
mens, including traditional PRN (pro-re-nata) and
ìtreat-and-extendî. However, as shown in preclini-
cal studies carried out on monkeys, repeated anti-
VEGF therapy strongly reduced the diameter of the
choriocapillaries (70) what in consequence may lead
to some undesirable effects, including atrophy of
RPE-photoreceptor complex (71).

Eylea ñ aflibercept (also known as VEGF-
Trap or VEGF-Trap-Eye) ñ is a soluble fusion pro-
tein (MW ~110 kDa) containing fragments of two
types of VEGF receptors, VEGFR-1 (domain 2) and
VEGFR-2 (domain 3), linked with the Fc fragment
of human immunoglobulin G (IgG). Aflibercept
behaves as a soluble decoy receptor with a dissocia-
tion constant ~0.5 pM, recognizing and neutralizing
all members of VEGF-A family, VEGF-B and pla-
centa growth factor (PlGF). It was registered for wet
AMD in 2011/2012. One intravitreous dose of Eylea
containins 2 mg aflibercept (50 µL), and the recom-
mended schedule is as follows: three monthly injec-
tions followed by additional bimonthly injections (if
needed); another possible variant includes bimonth-
ly injections from the beginning of the therapy.

Macugen ñ pegaptanib sodium (containing
polyethylene glycol ñ PEG). Pegaptanib is a 28-base
RNA aptamer (MW ~50 kDa) that binds and neu-
tralizes selectively only one member of VEGF-A
family, i.e., VEGF-A165 ñ the most active proangio-
genic VEGF-A isomer. Macugen is in fact the first
drug officially registered for wet AMD (FDA, 2004;
EMA, 2006). Actually, because of preferable ìposi-
tionî of Avastin, Lucentis and Eylea, clinical impor-
tance of Macugen substantially decreased, being in
many countries not used against CNV in AMD
patients. The recommended intravitreous dose of
Macugen is 0.3 mg applied every 6 weeks. 

Emerging therapies: ongoing or discontinued clin-
ical trials
● Small interfering RNAs:

siRNA-027 (bevasiranib), PF-04523655 (REDD14).
In general, siRNAs are capable of blocking pro-
tein synthesis (posttranscriptional gene silencing)
for specific proteins encoded by mRNAs whose
target sequences are homologues to the siRNAs. 

Bevasiranib is a double-stranded siRNA direct-
ed directly against VEGF, whereas REDD14
indirectly leads to reduction of VEGF-A produc-
tion (involving a primary inhibition of hypoxia-
induced gene RTP801). Bevasiranib went posi-
tively through Phases I and II of clinical trials in
patients with wet AMD, but did not overcome
Phase III and in March 2009 the producer
announced that ìOPKO Health Pharmaceuticals
terminates late-stage trial of bevasiranib for treat-
ment of wet age-related macular degenerationî.
Concerning REDD14, no clear-cut and definitive
clinical results are available until now. 

●● Squalamine lactate (Evizon) ñ a naturally occur-
ring steroidal compound conjugated to spermi-
dine at position C-3. It prevents angiogenesis by
blocking the action of VEGF and integrin expres-
sion when bound to calmodulin. In earlier clinical
studies (Phase I/II) the drugís intravenous formu-
la was used; currently, the topical squalamine lac-
tate undergoes clinical testing in the wet form
AMD. 

●● Palomid 529 ñ an investigational medicine tar-
geting Akt/mTOR pathway (it dissociates both
targets of rapamycin complexes TORC1 and
TORC2). The agent reduces tumor growth, tumor
angiogenesis and vascular permeability. The drug
was tested in patients with wet AMD via subcon-
junctival injections. Preliminary clinical results
appeared promising, yet, no conclusive data are
available. 

●● KH902 ñ recombinant soluble VEGFR protein
containing binding domains of VEGFR1 and
VEGFR2 combined with the Fc portion of IgG; it
shows similar properties as aflibercept. 

●● Tyrosine kinase inhibitors:
Vatalanib ñ shows an activity against the platelet
derived growth factor (PDGF) receptor and c-kit
receptor kinases, and shows high oral bioavaili-
bity. Pazopanib ñ shows slightly wider activity
than vatalanib, inhibiting tyrosine kinases associ-
ated with VRGF-R, PDGF-R and c-kit. Although
both drugs were clinically tested in patients with
wet AMD, the results have not been published
yet. 

Dry ñ atrophic AMD

In contrast to neovascular-wet AMD, where
three therapeutics are currently widely used
throughout the world (Avastin, Lucentis, Eylea),
there is no approved therapy for atrophic-dry AMD.
Based on already accepted mechanisms underlying
the dry form AMD, a number of agents were/are
experimentally selected and then introduced into
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clinical trials, hoping that they will be active in pre-
venting or at least in slowing the disease course.
However, many of the clinically verified com-
pounds were withdrawn from testing for various rea-
sons ñ either lack or poor clinical activity, or toxic
effects, or other reasons uncovered by their produc-
ers (or distributors) ñ pharmaceutical company/ies.
Yet, a great number of therapies proposed for
atrophic AMD can be evaluated with optimism,
showing continued efforts of scientists and physi-
cians in looking for acceptable treatment of the
AMD pathology. Below, some agents will be short-
ly presented; they include: drugs that decrease
oxidative stress, visual cycle modulators, neuropro-
tectants, drugs that suppress inflammation, includ-
ing anticomplement agents [according to: (72ñ75)].

●● Drugs that decrease oxidative stress: 
AREDS-2 formula (Age-Related Eye Disease
Study 2) ñ a composition of two macular xantho-
phylles (lutein, zeaxanthin), vitamins (E, C), cop-
per, zinc (both in oxide form) ñ all ingredients
possessing direct or indirect antioxidant activity
A mixture contained also two ω-3 PUFAs: EPA
and DHA, but their role in AMD is discussable
(due to their both positive and possible negative
potential (23, 61)); Phase III clinical study was
completed at the end of 2013. Oral use. 
OT-551 (Tempol; a prodrug of tempol hydroxy-
lamine ñ tempol-H) ñ SOD mimetic and NRF2
activator. Phase II. Topical application. 

●● Visual cycle modulators: 
ACU-4429 (Emixustat-HCl) ñ a small non-
retinoid; it inhibits retinol isomerization by acting
on RPE65 and thus slows the rod visual cycle. It
is designed to prevent the generation of toxic by-
products of the visual cycle. Phase II/III ñ the
study is currently ongoing. Oral use.
Fenretinide ñ a synthetic retinol analog; it
inhibits retinol binding to retinol binding protein
ñ RBP. The ìpositiveî results of Phase II clinical
trial were not statistically significant and the drug
did not enter Phase III study. Oral use. 

●● Neuroprotectants: 
CNTF (ciliary neurotrophic factor; NT-501) ñ a
neuroprotective cytokine that prevents photore-
ceptor degeneration. Phase III ñ ongoing. An
intravitreal implant using ìencapsulated cell tech-
nologyî. 
Brimonidine tartrate ñ an α2-adrenergic receptor
agonist with neuroprotective potential. It is an
approval anti-glaucoma medicine (eye drops).

Phase II study with AMD patients using a sus-
tained delivery system is underway. Intravitreal
implant.
Tandospirone ñ a selective 5-HT1A receptor ago-
nist that as an oral version is used as anxiolytic
and antidepressant; it protects photoreceptors and
RPE cells from photo-oxidative stress. The drug
completed Phase III trial in dry AMD in 2012, but
the obtained results have not yet been released.
Topical application. 
Glatiramer acetate (Copaxone) ñ an
immunomodulatory drug currently used to treat
multiple sclerosis; multifunctional agent: it sup-
presses T-cells, downregulates inflammatory
cytokines, reduces amyloid-β-induced retinal
microglial cytotoxicity. Phase II study is under-
way. Subcutaneous injection. 

●● Drugs that reduce toxic by-products: 
RN6G (PF-4382923) ñ a humanized monoclonal
antibody against amyloid-β that accumulates in
drusen. Phase II study is ongoing. Intravenous
injection. 
GSK 933776 ñ a humanized monoclonal anti-
body against amyloid-β N-terminus. Phase II
study is currently underway. Intravitreal injec-
tion. 

●● Drugs that suppress inflammation: 
ILuvien (fluocinolone acetonide) ñ an anti-
inflammatory and immonosupressing cortico-
steroid. Phase II study with dry AMD patients is
in progress (currently approved in Europe for dia-
betic macular edema). Intravitreal implant. 
POT-4 (Compstatin, AL-78898A) ñ a synthetic
cyclic peptide that irreversibly inhibits comple-
ment C3 with resulting inhibition of complement
pathways and prevention of membrane attack
complex (MAC) formation. Phase II study com-
pleted, the results have not yet been released.
Intravitreal injection. 
Soliris (Eculizumab) ñ a humanized IgG antibody
against complement C5. It is the first FDA
approved complement inhibitor for the treatment
of paroxysmal nocturnal hemoglobinuria. It pre-
vents lysis of erythrocytes and the formation of
MAC. Phase II study with AMD patients ñ no
clear-cut results are available. Intravenous injec-
tion. 
FCFD4514S (Anti-Factor D Fab; Lampalizum-
ab) ñ a humanized monoclonal antibody (Fab
fragment) against complement factor D; it
inhibits complement activation and chronic
inflammatory process in tissues. Phase II study
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with dry AMD patients completed and Phase III
trial is planned. Intravitreal injection.
LFG1905 ñ a fully human antibody against com-
plement C5. Phase II study in progress.
Intravitreal injection.
ARC1905 ñ aptamer-based complement C5
inhibitor. Phase I clinical trial. Intravitreal injec-
tion.

●● Vascular enhancers: 
MC-1101 ñ a facilitator of choroidal blood flow.
Phase II/III study. Topical application. 

●● Stem cell replacement: 
MA09-hRPE ñ a human embryonic stem cell-
derived RPE cells. Phase I/II study. Stem cell
transplant. 
itMSC-DryAMD ñ an ìischemic tolerantî mes-
enchymal stem cells. Phase I/II study. Stem cell
transplant. 
HuCNS-SC ñ a human central nervous system
stem cells. Phase I/II study. Stem cell transplant. 

Actually, many potential therapeutic strategies
focused on complement modulation are in preclini-
cal studies, they include (76): 
●● protease inhibitor (C1-INH; inhibition of C1q,

C1r, C1s), 
●● factor B inhibitor (TA106 ñ Fab; inhibition of C3

convertase), 
●● C3-inhibitor (TT30/CR2-fH ñ fusion protein con-

taining CFH and CR2; inhibition of C3 conver-
tase), 

●● recombinant complement factor H (rCFH from
human plasma; replacement of CFH and inhibi-
tion of C3 convertase), 

●● antagonist of C5aR (peptide JPE-1375/JSM-7717
and PMX53; binding C5a),

●● gene therapies with: human CD46
(AdCAGCD46; inhibition of C4b and C3b) and
human CD59 (AdCAGsCD59; inhibition of
MAC). 

Recent analysis published in the Cochrane
Review series devoted to complement inhibitors for
AMD provides a meaningful conclusion: ìThere is
insufficient information at present to generate evi-
dence-based recommendations on the potential safe-
ty and efficacy of complement inhibitors for preven-
tion or treatment of AMD. However, we anticipate
the results of ongoing trials.î (77). 

Comment on dietary supplement-based treat-

ment for dry AMD

One of the mentioned therapies, i.e., AREDS-2
study/formula, needs comment, because it deals

with an ìantioxidantî dietary supplementation that
in fact was and still is widely used by AMD patients,
as well as by people being at risk of developing the
disease. The concept that antioxidant agents may
prevent the development and/or the course of AMD
finds its rationale in the disease pathogenesis, where
oxidative stress seems to be one of driving forces
(see Figs. 2 and 3). Various antioxidant preparations
were in the past and still are freely available on the
market ñ such mixtures were recommended by oph-
thalmologists to their patients, becoming in fact the
only modality with which to prevent or ìcureî
atrophic-dry form AMD. A ìscientificî support for
beneficial role of antioxidants in AMD came from
AREDS (or AREDS-1) clinical trial whose primary
aim was to evaluate the effect of pharmacological
doses of nutritional supplements on the rate of pro-
gression to advanced AMD. The AREDS formula
included: vitamin C (500 mg), vitamin E (α-toco-
pherol; 400 IU), β-caroten (15 mg), zinc (as zinc
oxide; 25 or 80 mg) and copper (as cupric oxide; 2
mg) ñ the results were published late in 2001.
According to the 2001 report, AREDS formula led
to an overall 19ñ25% risk reduction in the disease
progression in individuals who had a moderate risk
of AMD development at five yearsí treatment (78).
At that time, many enthusiastic opinions on clinical
efficacy of AREDS formula announced on different
occasions have appeared, including NEI
Information Office ñ News and Events (October
2001): ìAntioxidant vitamins and zinc reduce risk of
vision loss from age-related macular degenerationî.
However, since then, a number of less enthusiastic
opinions has also been published (13, 14).
Interestingly, somewhat earlier it has been observed
in ATBC (α-tocopherol, β-carotene cancer preven-
tion) study that β-carotene contributes to the devel-
opment of lung cancer in smokers (79). In addition,
β-carotene is a precursor of vitamin A, and the visu-
al cycle retinoids (vitamin A derivatives) may act as
substrates for the formation of photocytotoxic bis-
retinoids (e.g., A2E). Beneficial effects of zinc have
been known for a long time, however, a question
arose with regard to the dose: 25 or 80 mg ñ which
should be used? And, finally, recently there was a
trend to supplement AMD patients with lutein and
zeaxanthin ñ two naturally occurring macular pig-
ments (xanthophylls), as well as ω-3 PUFAs (EPA,
DHA), with a practical, although unproven idea: the
more agents the better. Having this in mind,
AREDS-2 large research project ñ clinical multicen-
ter randomized study involving more than 4,000
participants (sponsored by National Eye Institute ñ
NEI with collaboration from National Heart, Lung,
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and Blood Institute ñ NHLBI) was initiated in 2007
and lasted till the end of 2012; its aim was to evalu-
ate the effect of oral supplementation with macular
xanthophylls (lutein, zeaxanthin) and ω-3 PUFAs
(DHA, EPA) on AMD progression. The AREDS-2
formula consisted of: lutein (10 mg), zeaxanthin (2
mg), vitamin C (500 mg), vitamin E (400 IU), cop-
per (as cupric oxide ñ 2 mg), EPA (650 mg), DHA
(350 mg). Smaller studies (Secondary
Randomization Agents ñ AREDS-Type
Supplement) were also conducted to examine the
effects of zinc (as zinc oxide) at doses of 25 and 80
mg, with particular focus on the lower dose, and
elimination of β-carotene from the AREDS formula.
The results of the AREDS-2 study were published in
May 2013 (15) with general conclusion as follows:
ìAddition of lutein + zeaxanthin, DHA + EPA, or
both, to the AREDS formulation in primary analysis
did not further reduce risk of progression to
advanced AMD. However, because of potential
increased incidence of lung cancer in former smok-
ers, lutein + zeaxanthin could be an appropriate
carotenoid substitute in the AREDS formulation.î In
other words, there was some benefit to patients tak-
ing macular xanthophylls (instead of β-carotene),
when the patientsí diet was deficient in these pig-
ments, ω-3 PUFAs did not improve the original
AREDS formula, there was no difference between
low dose and high dose of zinc. 

In conclusion, there are still several unan-
swered questions concerning the described dietary
supplementation, including, for example, the length
of treatment necessary to see any improvement in
patientsí vision (whatever this means). And finally,
based on recently published vast literature on diet
and dietary supplements in AMD, as well as unpub-
lished various (in terms of therapeutic output) obser-
vations of numerous ophthalmologists, one can say
that pharmaceutical supplementation may, but does
not have to help the AMD patients, leaving an open
question on its effectiveness in practice (13).
However, one should not cease being optimistic;
optimism should be cherished by both the physi-
cians when recommending appropriate dietary sup-
plements to patients, and patients who would be reg-
ularly taking it; otherwise, the supplementation
would serve no purpose whatsoever. 

Yet, one should believe that the efforts of sci-
entists ñ chemists, pharmacologists, physicians-oph-
thalmologists ñ will finally culminate in finding
effective therapy for AMD, particularly for its wide-
ly occurring atrophic-dry form, that will find gener-
al acceptance as a therapeutic ìgold standardî. 
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Malignant melanoma (melanoma malignum) is
the most dangerous form of skin cancer. Melanoma
that arises from melanocytes is an aggressive,
immunogenic and malignant tumor that spreads
early via the blood and the lymphatics. It is most
commonly found in the skin or mucous membranes
of the mouth and genitals. Melanoma can arise from
clinically normal skin or pigmented nevi (mainly
atypical nevi) (1, 2). It can also occur in the eye or
meninges. Rapid growth, early and multiple metas-
tases and low susceptibility to treatment determine
the significant malignancy of the melanoma. The
etiopathogenesis of malignant melanoma is associ-
ated with malignant transformation of pigment cells
ñ melanocytes (3). Melanocyte during ontogeny can
transform into pigmented cell, which lacks of cyto-
plasmic projections, has the ability to hyperplasia,
could accumulate in the groups within the epidermis
and instil into dermis. Nevus cells form benign pig-
mented lesions, called acquired nevi. Benign nevi
can be converted into atypical moles (dysplastic).
Atypical/dysplastic nevus syndrome (ANS/DNS)
can be passed from generation to generation and is
associated with a high risk of developing melanoma
in a family. Clark et al. proposed a model which
implies a gradual transformation of melanocytes

into dysplastic cells, and further into atypical cells
with full malignant phenotype (1, 4, 5). More scien-
tific papers point to the importance of tumor hypox-
ia in melanoma progression (6).

The acquisition of a malignant phenotype is
caused by an imbalance between the action of two
groups of genes ñ oncogenes and suppressors.
Changes in these genes (during oncogenesis) result
from the accumulation of mutations and epigenetic
modifications. Extensive research in the field of
melanoma etiopathology allowed identifying sever-
al of genes that mutation or inactivation contribute
to the development of the disease (7).

In recent years, due to the low effectiveness of
chemotherapy and radiotherapy in the anti-
melanoma treatment, there is a growing interest in
compounds that would have the ability to inhibit
proliferation, induce differentiation of tumor cells
and directing them to the apoptotic pathway.
Scientific reports indicate a potential anti-cancer
action of valproic acid (VPA), which belongs to the
histone deacetylase inhibitors (HDACis) (8ñ11). It
has been shown that VPA affects the activity of two
of the four classes of HDAC, namely class I and II
(subclass IIa). Exceptions in class IIa are HDAC 9,
and HDAC 11, which are activated by VPA (12, 13).
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Cervoni and Szyf confirmed an indirect effect of
VPA on the DNA demethylation, by increasing the
availability of methylated nucleotides for DNA
demethylases (14). VPA as a HDACi could form
less condensed structure of chromatin, increase the
DNA sensitivity to digestion with nucleases and
increase the availability of DNA to intercalating
agents. The compound also decreases the expression
of proteins involved in the stabilization of chro-
matin, including SMC 1-6 (structural maintanance
of chromosome), SMC binding proteins, DNA
methyltransferase 1 (DNMT1), and heterochromatin
protein 1 (HP1). Additionally, it may have an impact
on transcription factors or other factors involved in
important cellular processes, reduce the stability of
the mRNA transcripts, and control proteasome-
mediated protein degradation (15ñ18). All of these
properties make probable the proapoptotic activity
of this compound. 

Different HDAC inhibitors, classified to short-
chain fatty acids, benzamides, hydroxymates, cyclic
tetrapeptides (19), may cause various changes at the
molecular level (20, 21) resulting in various changes
of the cellular phenotype. They may include e.g.,
downregulation of the antiapoptotic proteins, upreg-
ulation of the proapoptotic proteins, ROS generation
or disruption of cell cycle checkpoints (22). One of
the greatest challenge in developing the effective
therapy is the precise evaluation of the effect of the
compound on cell proliferation, differentiation and
death. 

The aim of the study was to investigate the
influence of VPA on biology and function of human
melanoma cell line (G-361). 

EXPERIMENTAL

Cells

The malignant melanoma cell line (G-361) was
purchased from ATCC-LGC Standards. To ensure
proper proliferation, cells were grown in medium
containing 90% McCoyís medium (Sigma-Aldrich),
10% fetal bovine serum (PAA), 100 U/mL penicillin
and 100 µg/mL streptomycin (Sigma-Aldrich), and
supplemented with 10 mM HEPES (Sigma-
Aldrich). The culture flasks were incubated at 37OC
in a humidified atmosphere containing 95% air and
5% CO2. 

Cell proliferation

To examine the proliferation activity, the In
Vitro Toxicology Assay Kit based on reduction of
the tetrazolium ring of XTT reagent (Sigma-
Aldrich) was used. Melanocytes were cultured in
96-well plates (at initial density 8 ◊ 103 cells/ well)
in 200 µL of medium for 24 h. Subsequently, the
cells were treated with VPA (Sigma-Aldrich) in a
wide range of concentrations: 0.1ñ10 mM. After 72
h of incubation, medium was removed and RPMI
medium without phenol red (Sigma-Aldrich) with
XTT reagent (20% of medium volume) was added.
After 4 h, the absorbance was measured at 450 nm

Figure 1. The effect of VPA on the proliferation of the human melanoma G-361 cell line. The cells were cultured for 72 h in the presence
of various concentrations of VPA. Each bar represents the mean ± SD;* p < 0.05 versus control cells (untreated)
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and 690 (reference wavelength) using the MRX
Revelation plate reader (Dynex Technologies).

Caspase-3 activity

To evaluate the proapoptotic caspase-3 activi-
ty, the Colorimetric Caspase-3 Assay Kit (Sigma-
Aldrich) was used. Cells were seeded into tissue cul-
ture dishes (21.5 cm2) at the initial density of 2 ◊ 106

cells/dish in 5 mL of culture medium. After 24 h cul-
tivation, cells were incubated with VPA at 1, 3 and
10 mM for 2 days. Simultaneously, the control cells
(untreated) and cells treated with 10 mM sodium
butyrate (NaB) were cultivated. At the end of incu-
bation, cells were lysed, centrifuged (16 000 ◊ g; 10
min) and stored at ñ80OC. Activity of the active cas-
pase-3 was determined using Ac-DEVD-pNA as
substrate. Enzyme samples were incubated with
substrate at 37OC for 2 h. Preincubation of some
samples with caspase-3 inhibitor (Ac-DEVD-CHO)
was done to confirm the assay specificity. The
absorbance of released p-nitroaniline (pNA) was
measured at 405 nm using the MRX Revelation
plate reader (Dynex Technologies). The enzyme
activity was calculated relative to cellular protein
content (assessed using Bradfordís method). 

RESULTS

Cell proliferation

In order to determine the influence of the test-
ed compound on cell proliferation, melanoma cells

were incubated in the presence of a wide range of
concentrations (0.1, 0.3, 1, 3, 5 and 10 mM) of VPA.
The effect of 72 h of incubation is shown in Figure
1. The low concentrations of VPA (0.1 and 0.3 mM)
did not exert a significant influence on the cell
growth rate in a comparison to control group. At
concentrations above 0.3 mM (1, 3, 5 and 10 mM),
the concentration-dependent inhibition was seen.
The higher the concentration the greater inhibition
rate. The compound maximally inhibited cell prolif-
eration at concentration of 10 mM. 

Caspase-3 activity

In order to evaluate the influence of VPA on
apoptosis in G-361 melanoma cell line, the activity
of caspase-3 was tested. Cells were exposed to dif-
ferent concentrations of VPA (1, 5 and 10 mM) for
48 h. Preliminary studies with lower concentrations
(0.1 and 0.3 mM) of VPA did not exert significant
influence on cell apoptosis (data not shown). The
effect of VPA on enzyme activity is presented in
Figure 2. The increases in caspase-3 activity in cells
treated with concentrations above 1 mM (compared
to control cells) were statistically significant. Both
concentrations of compound (5 and 10 mM) stimu-
lated the enzyme activity at comparable level. At
concentration of 1 mM of VPA, the activity of
enzyme was slightly higher than in untreated con-
trol. To determine the apoptosis inducing power of
VPA, the other histone deacetylase inhibitor ñNaB,
was used. Results showed that NaB exerted a

Figure 2. Effect of VPA and NaB on caspase-3 activity in G-361 cells. Each bar represents the mean ± SD; * p < 0.05

Control        1 mM VPA 5 mM VPA 10 mM VPA 10 mM NaR
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stronger effect on caspase-3 activity in G-361 than
VPA (both compounds at 10 mM). 

DISCUSSION

The malignant melanoma causes up to 80% of
death from skin cancer (5). An increased prolifera-
tion, capacity to metastasize and broad spectrum of
associated genetic and epigenetic changes contribute
to resistance development of melanoma to conven-
tional therapy. Lack of effectiveness of anti-
melanoma therapies make it necessary to search for
new drugs that improve or replace the standard
chemotherapy. The new promising strategy is the
administration of a histone deacetylase inhibitor
(HDACi) ñ valproic acid (11, 13). The mechanism
of anti-melanoma effect of VPA is based on induc-
tion of apoptosis in cancer cells by different mecha-
nisms. The first utilizes the fact that VPA, as a his-
tone deacetylase inhibitor (HDACi), leads to inhibi-
tion of histone deacetylases involved in formation of
heterochromatin. Inhibition of histone deacetylation
results in increased level of histone acetylation,
euchromatin formation and re-expression of genes
associated with cell cycle inhibition and apoptosis
like CDKN1A encoding the p21 protein or CDKN2A
encoding the p16 protein (8, 12, 23). HDAC
inhibitors via both extrinsic and intrinsic apoptosis
pathways contribute to the activation of the caspase
cascade that degrades the cell structures and causes
the cell death. Histone deacetylase inhibitors
increase the expression of death receptors and their
ligands in cancer cells and inhibit the antiapoptotic
gene expression e.g., cFLIP, Bcl-2, Bcl-XL. In con-
sequence, an imbalance in the level of proapoptotic
and antiapoptotic genes leads to apoptosis (18, 24,
25). 

To evaluate the inhibition of cell proliferation
and proapoptotic properties of VPA, the XTT assay
and caspase-3 activity test were performed. The
results of XTT assay showed that VPA, at higher
concentrations (1, 3, 5 and 10 mM) caused a statis-
tically significant cell growth inhibition in the stud-
ied G-361 cell line. Similar results were obtained
previously by determining the cytotoxicity (using In
Vitro Toxicology Assay Kit, Sulforhodamine B
based) mediated by valproic acid in G-361 and A-
375 melanoma cell lines (10, 11, 23). Previous stud-
ies also showed that conjunction of 1 mM VPA with
5,7-dimethoxycoumarin significantly decreased the
proliferation in A-375 melanoma cell line and could
be useful in chemoprevention (10). In our studies,
lower concentrations of VPA (0.1 and 0.3 mM) did
not cause a significant reduction of cell growth. 

Subsequently, the proapoptotic effect of VPA
was examined. This assessment bases on measure-
ment of released p-nitroaniline as a result of cas-
pase-3 action. Caspase-3 is an effector caspase that
cleaves cellular proteins and leads to cell death so its
activity could be a good apoptosis marker.
Incubation with higher concentrations of VPA ñ 5
and 10 mM caused an increase in enzyme activity
(statistically significant). These results were com-
pared with results obtained after incubation with
another histone deacetylase inhibitor ñ sodium
butyrate. In our studies, both substances stimulated
the enzyme activity but NaB was much powerful
inducer than VPA at the same concentration. The
same findings were observed in A-375 line (26).

Summarizing, obtained results suggest that
VPA seems to be a potent anti-melanoma agent,
reducing proliferation of human melanoma G-361
cell line in a concentration-dependent manner.
Currently, the possibility of synergistic action of
VPA with known anti-cancer drugs should be tested. 
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Betamethasone (B) and its derivatives,
betamethasone dipropionate, betamethasone disodi-
um phosphate and also betamethasone valerate are
synthetic glucocorticoids given orally in form of
tablets, parenterally, by inhalation, by local injec-
tion, or administrated topically in the different dis-
orders in which corticosteroids are indicated (1). B
is a corticosteroid with anti-inflammatory and
immunosuppressive properties, used especially to
treat conditions such as arthritis, hormone and
immune system disorders, allergic reactions, certain
skin and eye conditions, breathing problems, and
certain cancers. It is applied as a topical cream,
ointment, lotion gel and tablets. As was reported by
Pastuszka and Kaszuba in excellent review paper,
the therapeutic effect of betamethasone derivatives
depends mainly on potency of the drug, type of vehi-
cle, application and also on the range of genetic fac-
tors describing individual sensitivity (2). It is well
known that in order to achieve better therapeutic
effect of glucocorticosteroids including betametha-
sone derivatives, they are often combined with other

bioactive substances e.g., salicylic acid as keratolyt-
ic and antiseptic agent. Combination drugs contain-
ing betamethasone dipropionate and salicylic acid in
form of ointment or liquid are widely used in der-
matology in the therapy of skin diseases e.g., in
plaque psoriaris, atopic dermatitis, seborrhoeic der-
matitis, because it is well tolerated medication by
patients and provides better penetration of
betamethasone dipropionate into the skin.
Moreover, B is available in a number of pharmaceu-
tical preparations in combination with other steroids
such as dexamethasone acetate, flumethasone
pivalate or with antibacterial agents like, for
instance, antibiotics (gentamicin) (2-8).
Additionally, a mixture of B with its related com-
pounds e.g., with betamethasone dipropionate,
betamethasone disodium phosphate or with
betamethasone valerate is present in various phar-
maceutical formulations. 

Official method recommended by United
States Pharmacopoeia (USP) and by Polish
Pharmacopoeia (FP) for the identification and assay
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of B and its derivatives combined with other agents
including antibiotics and preservatives in pharma-
ceutical dosage form is high performance liquid
chromatography (HPLC) (9, 10). Numerous
research papers reported applicability of this method
in combination with UV, UV-DAD and MS/MS
detectors in quality and quantity control of some
dermatological products containing betamethasone
derivatives and some cosmetics (11-15). Past study
showed other analytical methods: spectrophotome-
try and voltammetry in analysis of betamethasone in
biological samples (16-20). As was reported in
above-mentioned papers (11-15), HPLC method is
highly efficient for the determination of B but rather
expensive and time consuming, because requires
repeated solvent extraction of multicomponent phar-
maceutical preparations containing B and its related
compounds.

Therefore, it was tried to develop a simple and
inexpensive TLC-densitometric method for separa-
tion and identification of B and some derivatives:
betamethasone-17,21-dipropionate (BP), betametha-
sone-17-valerate (BV17), betamethasone-21-valer-
ate (BV21) and also betamethasone disodium phos-
phate (BPh) in mixture. Additionally, the optimum
chromatographic conditions, which were found for
the separation of all examined compounds, were
used for the separation and next identification of
both, betamethasone-17,21-dipropionate and
betamethasone disodium phosphate in their pharma-
ceutical formulations. According to our knowledge,
until today there is only one TLC-densitometric pro-
cedure which was successfully applied in the quan-
tification of betamethasone-17,21-dipropionate in
combined pharmaceutical preparation (in the pres-
ence of salicylic acid and nipagin in a form of
lotion) (21). Identification and quantification of
betamethasone disodium phosphate in pharmaceuti-
cal dosage form by TLC-densitometry has not been
yet officially published in research papers and also
in both pharmacopoeias (9, 10). 

Thus, the objective of this work was to develop
a rapid, simple TLC-densitometric method for the
separation and  identification of  the selected
betamethasone derivatives including BPh and BP in
mixture. The results of this study might be an indica-
tor for further investigations concerning the quantita-
tive analysis of examined betamethasone compounds. 

EXPERIMENTAL

Chemicals and reference standards

The reference standards of betamethasone
(CAS No. 378-44-9), betamethasone-17,21-dipropi-

onate (CAS No. 5593-20-4), betamethasone-17-
valerate (CAS No. 2152-44-5), betamethasone-21-
valerate (CAS No. 2240-28-0) and also betametha-
sone disodium phosphate (CAS No. 151-73-5) were
from commercial source - Sigma-Aldrich (St. Louis,
MO, USA). The following mobile phase compo-
nents: methanol, chloroform, acetone, n-hexane,
ethyl acetate, acetic acid (99.5%) for liquid chro-
matography were purchased from POCh (Gliwice,
Poland). Distilled water was obtained from
Department of Analytical Chemistry (Medical
University of Silesia, Sosnowiec, Poland). Standard
solutions of five examined compounds at concentra-
tion of 5 mg/mL each were prepared in ethanol
(96%, pure for analysis) from POCh (Gliwice,
Poland). The reference standard mixtures: contain-
ing five examined compounds (M5) in quantity of 5
mg each in 1 mL: B, BP, BV17, BV-21 and also
BPh were prepared. Other standard mixtures are
consisted of B, BPh, and salicylic acid (M3) mixed
at the same concentration like in the case of M5. The
last variant of standard mixture was prepared by
mixing both solutions of B and BPh at concentration
of 5 mg/mL each (M2). Each solution (5 µL) was
spotted on the chromatographic plates. 

Pharmaceutical preparations

The commercially available pharmaceutical
preparations of the combination: BPh + salicylic
acid (0.5 mg + 20 mg) per mL in form of lotion and
also marketed injection solution consisting of 5.3
mg of BPh per mL in form of an ampoule (5 mL)
were used. A sample of lotion (1 mL) diluted with
200 µL of  ethanol (96%) and also the commercial
injection solution were spotted on TLC plates in
quantity of 5 µL together with standards. 

Materials

In preliminary study, in order to find the opti-
mum chromatographic conditions for the complete
separation of five examined compounds, different
aluminum chromatographic plates (20 ◊ 20 cm)
were applied such as the chromatographic plates for
NP-TLC precoated with with 0.20 mm layers of sil-
ica gel 60F254 without concentrating zone (E. Merck,
Darmstadt, Germany, Art. 1.05554), with concen-
trating zone (E. Merck, Darmstadt, Germany, Art.
1.05583), and also the chromatographic plates used
for RP-TLC analysis, silica gel 60 RP-18F254 (E.
Merck, Darmstadt, Germany, Art. 1.05559).

Apparatus

TLC Densitometer: Camag (Muttenz,
Switzerland) equipped with TLC Scanner 3 con-
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trolled by WinCATS 1.4.2 software. Deuterium
lamp was as a source of radiation emitting continu-
ous UV spectrum between 190 and 450 nm.

The 5 µL Camag micropipettes (Muttenz,
Switzerland) were used to apply the solutions on the
plates.

Chromatographic chamber: twin-trough cham-
ber for 20 ◊ 10 cm plates (Art. 0.222.5221, Camag,
Muttenz, Switzerland).

Chromatography

A thin-layer chromatography was performed
on aluminum plates (Art. 1.05554, Art. 1.05559,
Art. 1.05583), which were cut from original plates
into 10 ◊ 10 cm before use. Next, the plates were
activated at 120OC for 30 min. Micropipette (5 µL)
was used for samples application. The plates were
developed at room temperature (20OC) in a twin-
trough chromatographic chamber with the use of
several mobile phase systems: 
● chloroform-acetone in volume composition 7 : 1;
● n-hexane-acetone-acetic acid (99.5%) in the vol-

ume compositions: 38.5 : 11 : 0.5, 38.5 : 11 : 0.7,
38.5 : 11 : 2, 38.5 : 11 : 1.2  and 38.5 : 11 : 4;

● n-hexane-ethyl acetate-acetic acid (99.5%) in vol-
ume composition 35 : 10 : 5;

● chloroform-ethyl acetate in volume composition
33.5 : 16.7;

● acetonitrile-water in volume compositions: 80 :
20, 65 : 35  and 50 : 50;

● chloroform-methanol-water in the volume com-
positions: 45 : 11 : 1, 38 : 11 : 1, 38 : 11 : 2, 30 :
11 : 1, 38 : 11 : 0, 38 : 9 : 1, 38 : 9 : 2 and 38 : 5
: 1;

● chloroform-methanol-acetic acid (99.5%) in vol-
ume composition 28 : 5 : 0.5. 

The chamber was previously saturated with
vapors of 50 mL of mobile phase for 30 min. In all
experiments the migration distance was 80 mm. The
distance between the tracks was 15 mm. After devel-
opment, the plates were dried for 20 h at 20OC in a
fume cupboard. Densitometric and spectrodensito-
metric analyses were carried out by Camag TLC
Scanner 3 and controlled by WinCATS 1.4.2 soft-
ware. To find the maximum absorbance of five
examined steroids and also salicylic acid, the densi-
tometric measurements were performed at multi-
wavelengths from  λ = 200 to 400 nm, at the wave-
length interval of 25 nm at each step. The optimum
wavelength for all investigated steroids was λ = 246
nm. The identity of the salicylic acid spots were
determined by scanning in absorbance mode at  λ =
300 nm. The chromatographic bands were measured
by spectrodensitometric analysis under the follow-

ing conditions: the slit dimensions were 10.00 ◊
0.40 mm, Macro; the optimal optical system was
light; the scanning speed was 20 mm/s and 20 nm/s;
the data resolution was 100 µm/step and 1 nm/step,
respectively, for densitometric and spectrodensito-
metric analysis. Each analysis was repeated three
times. 

The mean value of obtained RF results and also
average value of band width (w) of each examined
compound were used to describe the efficacy of the
separation and identification of betamethasone
derivatives by the use of proposed TLC-densitomet-
ric method.

Calculating of separation factors

In order to estimate the results of the separation
of four examined pairs of betamethasone deriva-
tives: BPh/B, B/BV17, BV17/BV21 and also
BV21/BP (on the basis of obtained densitograms),
the following separation factors for adjacent peaks
were calculated:  ∆RF, α and also RF

α according to
the equations [1- 3]: 

∆RF(1,2) = RF1 ñ RF2 [1]

RF1Rα
F(1,2) = ññññññ [2]

RF2

where: RF1 and RF2 are the values of the two adjacent
peaks, and RF1 > RF2.

1ñññ ñ 1
RF1α = ññññññññ [3]

1ñññ ñ 1
RF2

where: RF1 and RF2 are the values of the two adjacent
peaks, and RF1 < RF2.

Specificity (selectivity) of the method

According to current guidelines of analytical
methods applied in quality and quantity control of
pharmaceuticals such as ICH guidelines (22) and
also on the basis of  other guides published by
Ferenczi-Fodor et al. (23, 24), by Nagy-Tur·k (25)
and by Koby≥ka and Komsta (26), each analytical
method including TLC requires evaluation of speci-
ficity which is a part of validation procedure. As was
reported in the above presented guidelines, it must
be proven that the developed method can separate a
substance determined from the impurities, excipi-
ents and/or degradation products (related com-
pounds). 

In this work, the specificity of the proposed
method in order to use it in qualitative analysis of
BP in the presence of salicylic acid in commercial
lotion and also BPh in another marketed product
was checked on the basis of the results obtained for
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the optimum chromatographic conditions, which
enabled complete separation of the examined com-
pounds from other excipients present in both phar-
maceuticals such as their degradation products and
related substances (e.g., B). 

To confirm the specificity of the developed
TLC-densitometric method, the comparison of
obtained chromatographic bands from standard
solution and also coming from respective pharma-
ceutical was made. 

Moreover, to estimate the effect of resolution
of examined betamethasone and its related sub-
stances, the separation factor (RS) for all adjacent
bands (on densitogram) coming from investigated
compounds was calculated as (27): 

2dRS = ññññññññ [4]wb1 + wb2

where: d = a distance between the centers of two
adjacent chromatographic bands; wb1 and wb2 =
bands width at the base line.

RESULTS AND DISCUSSION

The purpose of work reported herein was to
develop a simple and rapid TLC-densitometric
method for the separation and identification of B
and its related compounds such as BP, BV17, BV21
and also BPh in mixture. The developed method was
applied in further steps of this study for the qualita-
tive analysis of some of the investigated steroid

Figure 1. Densitograms registered from chromatograms of model mixture containing B, BV17, BV21, BP and BPh at 246 nm obtained on
silica gel 60F254 (Art 1.05554) using the following mobile phase systems: chloroform-methanol-water 45 : 11 : 1 (v/v/v) (a), chloroform-
methanol-water 38 : 11 : 2 (v/v/v) (b) and chloroform-methanol-acetic acid (99.5%) 28 : 5 : 0.5 (v/v/v) (c); for abbreviations see text
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compounds: BP and also BPh in pharmaceuticals
containing BP in the presence of salicylic acid and
BPh, respectively, as the active ingredients. As was
reported above, many procedures (11-15), including
HPLC were satisfactorily applied for the quality
control of B derivatives in commercial products
(e.g., cosmetics) and in biological samples. High-
performance liquid chromatography is a very
favorite analytical tool (accurate, precise) and wide-
ly used in separating the complex mixture of mole-
cules including steroids in biological and also in
pharmaceutical systems but in comparison with
TLC, this technique is  more expensive (price of
columns) and required time consuming pre-treat-
ment steps. Therefore, thin-layer chromatography
(TLC) is still a very popular and frequently used
analytical method in drug analysis because of its
advantages: many samples can be analyzed quickly
in one step without additional clean-up of samples
and also solvents (28-31). For this reason, this tech-
nique is easy to perform and inexpensive in compar-
ison with other chromatographic methods. As was
described in the literature, a progress in TLC equip-
ment and new developments in instrumentation of

TLC e.g., densitometry, caused that modern TLC
may in some cases be comparable to HPLC in terms
of selectivity, precision and sensitivity (29).
However, until today, both  Pharmacopoeias (USP
and FP) don't show the real possibilities of TLC in
terms of its application in  quantitative analysis of
drugs including B and its derivatives (32).
Pharmacopeial monographs describe only TLC
semiquantitative purity test of these compounds in
bulk substances and drugs (9, 10). A lack of the offi-
cial pharmacopoeial TLC-densitometric procedure
suitable for identification and quantification of B
derivatives: BP, BV17, BV21 and also BPh in phar-
maceuticals, shows that there is a need to develop a
rapid and simple TLC-densitometric method for the
separation and identification of these compounds in
commercially available products. A special atten-
dance was devoted to analysis of BPh in model mix-
ture and in pharmaceutical product containing BPh. 

According to obligatory validation procedures
of analytical methods, the aim of the first step in this
study was to find the optimum chromatographic
conditions (proper mobile phase and kind of chro-
matographic plates), which allowed to achieve satis-

Table 1. Effect of resolution of betamethasone and its four examined derivatives obtained under selected chromatographic conditions.

Chromatographic conditions: Separated pairs of adjacent peaks on densitograms
mobile phase/chromatographic plates BPh/B B/BV17 BV17/BV21 BV21/BP

Chloroform-methanol-water 45 : 1 : 1 (v/v/v)
silica gel 60F254 Art. 1.05554 + + + +

Chloroform-methanol-water 38 : 11 : 1 (v/v/v)
silica gel 60F254 Art. 1.05554 + + + +

Chloroform-methanol-water 38 : 11 : 2 (v/v/v)
silica gel 60F254 Art. 1.05554 + + + + 

Chloroform-methanol-acetic acid (99.5%)
28 : 5 : 0.5 (v/v/v) + + + +
silica gel 60F254 Art. 1.05554

Chloroform-methanol-water 38 : 11 : 1 (v/v/v)
silica gel 60 RP-18F254 Art. 1.05559 + + + -

Chloroform-acetone 7 : 1 (v/v)
silica gel 60 RP-18F254 Art. 1.05559 + + + - 

Chloroform-acetone 7 : 1 (v/v)
silica gel 60F254 Art. 1.05554 - + + +  

n-Hexane-ethyl acetate-acetic acid (99.5%)
35 : 10 : 5 (v/v/v) + + + +/-
silica gel 60 RP-18F254 Art. 1.05559   

Acetonitrile-water 80 : 20 (v/v)
silica gel 60F254 Art. 1.05554 + + + -  

Acetonitrile-water 80 : 20 (v/v)
silica gel 60 RP-18F254 Art. 1.05559 + + + -  

Where: (+) = good separated , (-) = not separated, (+/-) = poorly separated, B = betamethasone, BV17 = betamethasone-17-valerate, BV21
= betamethasone-21-valerate, BP = Betamethasone-17,21-dipropionate, BPh = Betamethasone disodium phosphate.
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Figure 2. Densitograms registered from chromatograms of model mixture containing B, BP and S at 246 nm (for B and BP) and also at
300 nm for S obtained on silica gel 60F254 (Art 1.05554) using the following mobile phase systems: chloroform-methanol-acetic acid
(99.5%) 28 : 5 : 0.5 (a), acetonitrile-water 80 : 20 (v/v) (b), and on silica gel 60F254 Art. 1.05583 and by n-hexane-ethyl acetate-acetic acid
(99.5%) 35 : 10 : 5 (v/v/v) (c); for abbreviations see text
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factory separation of B and four its derivatives men-
tioned above, including BP and BPh in mixture. In
this preliminary study, various chromatographic
conditions (different adsorbents and mobile phases)
in normal and reversed phase system (NP-TLC and
RP-TLC) were tested. The influence of some of
them on efficacy of separation of five compounds
was summarized in Table 1. On the basis of these
data, it could be observed that among several chro-
matographic systems used (described in
Experimental part) those which give satisfactory
resolution of four pairs of examined compounds
namely: BPh, B, BV17, BV21 and also BP in mix-
ture are: 
● chloroform-methanol-water  45 : 11 : 1 (v/v/v); 
● chloroform-methanol-water  38 : 11 : 1 (v/v/v);
● chloroform-methanol-water  38 : 11 : 2  (v/v/v);
● and also chloroform-methanol-acetic acid

(99.5%) in volume composition 28 : 5 : 0.5  and
silica gel 60F254 Art. 1.05554 for all of them. 

By the use of these chromatographic systems
good resolution between each pair of five investi-
gated compounds: BPh/B, B/BV17,  BV17/BV21
and BV21/BP was achieved. Examples of densi-
tograms of separated mixtures containing these
compounds presented in Figure 1 confirm this fact.
The choice of the presented chromatographic sys-
tems from all tested as the optimum for the separa-
tion and identification of five examined betametha-
sone compounds were done on the basis of the
results of earlier  studies focused on the separation
and identification of seven bile acids (free and con-

jugated  with respective amino acids) and some
steroid hormones in mixture (33-38). In previous
study, it was concluded that the following separation
factors:  ∆RF, Rs, α and also Rα

F are very useful for
estimation of the separation results of each pair of
adjacent peaks on the densitogram. It was found that
for each such pair obtained under above-mentioned
chromatographic conditions the two important sepa-
ration factors were satisfactory when: ∆RF ≥ 0.05
and Rs > 1.00. It could be concluded that, similarly
like in  case of another group of steroids namely bile
acids, RF ≥ 0.05 and Rs > 1.00 for each pair of
betamethasone compounds resulted in their good
separation. Moreover, based on the obtained results
(Table 1), it could be observed  that NP-TLC system
is better than RP-TLC for separation of five exam-
ined compounds. However, it might be noted that
the biggest problem in separation of all investigated
mixtures referred to separation of BV21 from BP
and also BPh from B (Table 1). The mobile phase:
acetonitrile-water (80 : 20, v/v) recommended by
US Pharmacopoeia for HPLC analysis of
betamethasone derivatives was not satisfactory for
the separation of BV21 from BP. Modification of
mobile phase: chloroform-methanol-water by
changing the water as a component of this mobile
into acetic acid (99.5%) improved the resolution of
examined compounds, especially BV21 from BP.
Moreover, the obtained spots were compact in com-
parison with those formed by the use of mobile
phase containing water. The second pair BPh/B,
which was difficult to separate by the use of chloro-

Figure 3. Densitogram obtained from commercial product containing BP and S (lotion) at 246 nm for BP and at 300 nm for S, developed
on silica gel 60F254 (Art 1.05554) using mobile phase system: chloroform-methanol-acetic acid 28:5:0.5 (v/v/v); for abbreviations see text
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form-acetone in volume composition 7 : 1 and silica
gel 60F254 Art. 1.05554 could be successfully sepa-
rated by the use of other mobile phase systems pre-
sented in Table 1, for example, containing a mixture
chloroform-methanol-acetic acid  (99.5%) 28 : 5 :
0.5 (v/v/v). Using these chromatographic condi-
tions, the following RF values for examined com-
pounds were determined: RF(BPh) = 0.02 ± 0.01, RF(B)

= 0.71 ± 0.02, RF(BV17) = 0.85 ± 0.01, RF(BV21) = 0.91
± 0.01 and RF(BP) = 0.96 ± 0.01. The values of reso-
lution factors (∆RF, Rs, α and also Rα

F)  obtained for
each examined pair, and also well separated and
symmetric peaks of BPh, B, BV17, BV21, BP
observed on densitogram (Fig. 1c) caused that the
following chromatographic conditions: chloroform-
methanol-acetic acid  (99.5%) 28 : 5 : 0.5 (v/v/v) as
a mobile phase and silica gel 60F254 (Art. 1.05554)
were selected as the best (optimum) for the further
steps regarding the qualitative analysis of pharma-
ceuticals containing: BP and BPh in form of lotion
and injection solution, respectively. 

TLC-densitometric analysis of pharmaceuti-
cals containing BP and BPh, separately was evaluat-
ed with regard to obligatory analytical procedures
designed for quality control of pharmaceutical
preparations in term of its specificity and selectivity
to determine BP and BPh as active ingredients in
their commercial products in the presence of other
components, like, for example, salicylic acid (in the
case of BP) and including the substances related to
both BP and BPh such as B (their degradation prod-
uct). Densitogram registered from chromatograms
of model mixture containing B, BP and salicylic
acid (S) at 246 nm (for B and BP) and also at 300 nm
for S obtained on silica gel 60F254 (Art 1.05554)
using the mobile phase system: chloroform-
methanol-acetic acid (99.5%) 28 : 5 : 0.5 (v/v/v)
(Fig. 2a) indicates that according to previous sug-
gestion this solvent mixture and silica gel 60F254

(Art. 1.05554) are optimum for the separation of BP
(active ingredient) from its related compound B

(potential degradation product). Moreover, this con-
clusion confirmed the values of ∆RF, Rs, α and also
Rα

F obtained for this separated pair B/BP from
model mixture M3 (B + BP + S) presented in Table
2. Good resolution is observed between S and BP.
Unfortunately, worse results of separation could be
observed on the basis of both: densitogram and
value of calculated separation factor  Rs (Rs < 1) for
S/B. To sum this part of study, it was suggested that
the developed TLC-densitometric method will be
also specific (allows to separate BP from B and S)
by use of the same chromatographic plates (Art.
10.05554) and acetonitrile-water 80 : 20 (v/v) as
mobile phase (Fig. 2b). Another optimum conditions
are silica gel 60F254 plates (Art. 1.05583) developed
by n-hexane-ethyl acetate-acetic acid (99.5%): 35 :
10 : 5 (v/v/v) (Fig. 2c). Under these conditions, it
was possible to obtain satisfactory results of separa-
tion, comparable to those presented  by Wulandari
and Indrayanto by means of silica gel and ethanol
(96%)-toluene-chloroform-glacial acid in volume
composition: 6.0 : 20 : 14  : 0.5 (21). Thus, it could
be said that the TLC procedure described in this
paper could be an alternative to that presented by
these authors. Additionally, applicability of devel-
oped chromatographic conditions are confirmed in
Figure 3 obtained from commercially available
preparation of BP and S. 

The third step of this study included the appli-
cation of developed TLC-densitometric procedure
using silica gel 60F254 (Art. 1.05554) and mobile
phase system: chloroform-methanol-acetic acid
(99.5%) in volume composition: 28 : 5 : 0.5 to qual-
itative analysis of the second compound belonging
to betamethasone group: BPh. According to our
knowledge, there is no official TLC-densitometric
procedure in pharmacopoeias and published in
research papers. Therefore, the objective of this
study was also to find the best conditions, which
allowed to separate BPh from its related substance
e.g., B and next, to apply them to verify the presence

Table 2. Separation factors of four pairs of examined compounds obtained by means of mobile phase: chloroform-methanol-acetic acid
(99.5%) in volume composition: 28 : 5 : 0.5 on silica gel 60F254 (E. Merck, Art. 1.05554).

Pairs of adjacent peaks on densitograms obtained from standard mixtures (M2, M3 and M5) 
Separation of examined compounds

factor
BPh/B B/BV17 BV17/BV21 BV21/BP S/B B/BP S/BP

∆RF 0.69 0.14 0.06 0.05 0.05 0.25 0.30

α 119.50 2.28 1.80 2.36 1.27 10.00 10.80

Rα
F 35.50 1.20 1.07 1.05 1.08 1.35 1.46

RS 8.23 2.78 1.25 1.11 0.70 3.21 7.12 
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Figure 4. Densitograms from chromatograms of injection solution containing BPh, registered at 246 nm and obtained on silica gel 60F254

(Art 1.05554) using the following mobile phase systems: chloroform-methanol-acetic acid 28 : 5 : 0.5 (v/v/v) (a), chloroform-methanol-
water 45 : 11 : 1 (v/v/v) (b) and by chloroform-methanol-water 38 : 11 : 2 (v/v/v) (c); for abbreviation see text
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of BPh in commercially available product (injection
solution). The separations factors obtained for this
pair (BPh/B) by means of mobile phase system men-
tioned above, presented in Table 2, and also densi-
tograms obtained from injection solution containing
BPh (Fig. 4) confirm that the developed TLC proce-
dure is suitable for qualitative analysis of BPh in
commercial product. It allowed to separate BPh
from its related substance e.g., B. Moreover, there
are no additional peaks from excipients on densi-
togram obtained from the examined commercial
product by use the optimum mobile phase (Fig. 4a).
Next, densitograms presented in Figure 4, obtained
on silica gel 60F254 (Art 1.05554) using the follow-
ing mobile phase systems: chloroform-methanol-
water 45 : 11 : 1 (v/v/v) (Fig. 4b) and also chloro-
form-methanol-water  38 : 11 : 2 (v/v/v)  (Fig. 4c)
indicate that besides the mixture of chloroform-
methanol-acetic acid (99.5%) 28 : 5 : 0.5 (v/v/v) the
two solvent mixtures give also good results of qual-
itative analysis of BPh in pharmaceuticals and could
be applied alternatively to that one. 

The study showed that the proposed TLC-densit-
ometric procedure could be successfully applied for the
determination of B and its related compounds such as
BP, BV17, BV21 and also BPh in model mixture and
in their selected pharmaceuticals e.g., lotion  contain-
ing BP as active ingredient and also injection solution
of BPh. Our study will be continued in terms of full
validation of developed TLC-densitometric method in
order to applied it in quantification of examined
betamethasone derivatives in pharmaceuticals.

CONCLUSIONS

The results of this work show that a very sim-
ple and rapid TLC-method combined with densito-
metry for the separation and identification of B and
its related substances: BP, BV17, BV21 and BPh
was developed. The main advantage of this method
is short time of analysis and possibility of analysis
of five examined compounds in one step without
additional clean-up of sample and solvents. It was
stated that the proposed method is specific and
acceptable for the detection of BP and BPh in com-
mercially available products containing both com-
pounds as active ingredients. 
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Analysis of saponins is very challenging task
because of high degree of structural complexity, mul-
tiplicity of similar functional groups and resulting
physicochemical likeness of individual compounds,
as well as the lack of chromophores, which hampers
sensitivity of popular UV based detection systems.
Although all analytical studies involving saponins ñ
phytochemical, environmental, clinical and food
research use contemporary separation techniques, the
state of art in particular disciplines differs consider-
ably: e.g., phytochemical research is mainly con-
cerned with structural analysis of new compounds,
while quantification and specification of plant materi-
als seem to be a secondary issue. Therefore, even
incremental improvements in qualitative and quanti-
tative analysis of saponins come handy for pharma-
ceutical and clinical evaluation, as clearly reflected
by regularly reported recent advancement (1, 2).

Escin (or aescin), a complex mixture of acylat-
ed pentacyclic triterpene saponins obtained from
HCSE, is used as a phlebotropic drug for a treatment

of chronic venous insufficiency and capillary blood
vessel leakage. Recently, a new approach to
exploitation of the escin mixture has been proposed
(3). In this approach the saponin mixture was sub-
jected to consecutive chemical transformations
designed and developed as a scalable, validated
technical processes, to afford hitherto unavailable
material protoescigenin (1, PES-01 see Scheme 1)
in state of high chemical purity. Protoescigenin
appears to be a suitable starting material for the
design and further synthesis of various saponin
mimetics (4). It was selected as the first candidate
molecule, because although known as chemical enti-
ty from the classical period of triterpene saponin
exploration (5, 6) and more recently confirmed as
3β,16α,21β,22α,24,28-hydroxyolean-12-ene by
modern analytical and spectral tools (7), it is not
commercially available and its chemistry is practi-
cally unexplored.

Analysis of the starting materials quality con-
stitute a testing practice, that is essential for manu-

COMPARISON OF ULTRAVIOLET DETECTION AND CHARGED AEROSOL
DETECTION METHODS FOR LIQUID-CHROMATOGRAPHIC 

DETERMINATION OF PROTOESCIGENIN
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and BOGDAN ZAGRODZKI
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Abstract: Escin, a complex mixture of pentacyclic triterpene saponins obtained from horse chestnut seeds
extract (HCSE; Aesculus hippocastanum L.), constitutes a traditional herbal active substance of preparations
(drugs) used for a treatment of chronic venous insufficiency and capillary blood vessel leakage. A new approach
to exploitation of pharmacological potential of this saponin complex has been recently proposed, in which the
β-escin mixture is perceived as a source of a hitherto unavailable raw material, pentacyclic triterpene aglycone
ñ protoescigenin. Although many liquid chromatography methods are described in the literature for saponins
determination, analysis of protoescigenin is barely mentioned. In this work, a new ultra-high performance liq-
uid chromatography (UHPLC) method developed for protoescigenin quantification has been described. CAD
(charged aerosol detection), as a relatively new detection method based on aerosol charging, has been applied
in this method as an alternative to ultraviolet (UV) detection. The influence of individual parameters on CAD
response and sensitivity was studied. The detection was performed using CAD and UV (200 nm) simultane-
ously and the results were compared with reference to linearity, accuracy, precision and limit of detection.
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facturing process development and helps to ensure
product quality and consistency. Establishing of
starting material specification, defined as a set of
tests, references to analytical methods and appropri-
ate acceptance criteria, is also the part of this prac-
tice. Among analytical methods, high performance
liquid chromatography (HPLC) with UV detection
has been commonly used as the technique for purity
and assay control. However, traditional HPLC meth-
ods are frequently time- and solvent-consuming,
especially in case of analysis of plant extracts sam-
ples (8). Additionally, for compounds lacking strong
UV chromophores (like saponins) the most popular
and widely used ultraviolet detection can be elusive.
In such situations ultrahigh-performance liquid
chromatography (UHPLC), accepted as a key
approach to getting more analytic information in
less time, with solvent reduction and waste mini-
mization, can be a technique of choice. The solution
to the detection problem may be the use of alterna-
tive detection method, like the charged aerosol
detection, CAD. The response generated by CAD is
independent of the chemical and spectral properties
of non-volatile analytes but at the same time is
mass-dependent, offering similar responses for the
same mass of analyzed compounds (9ñ11). CAD
system has many advantages, like broad dynamic
response range up to 4 orders of magnitude, good
precision, availability in a versions designed for
both, classical HPLC and fast, UHPLC, as well as
simple and reliable operation (9). However, CAD ñ
as detector employing a nebulization process ñ has
also some limitations: the response depending on the
composition of the mobile phase and lack of possi-
bility of certain peak identification or peak purity
analysis (no spectral information is acquired).

Although many methods have been described
in the literature for separation and analysis of
saponins, HPLC coupled with various detectors
being the most commonly used (12ñ15), none of
them relates directly to the determination of pro-

toescigenin. Additionally, applications of charged
aerosol detection method for analysis of this group of
compounds are still very rare. Until now, only sever-
al works and papers covering this subject have been
published (12, 14, 16ñ19). The aim of our work was
to fill the gap in this research area, and as a result a
fast and universal method for quantitative analysis of
protoescigenin was developed. A new UHPLC
method with dual detection system, UV (200 nm)
and CAD, was applied. The detection was performed
using both systems simultaneously and the results
were compared with reference to linearity, accuracy,
precision and limit of detection and quantification.
To the best of our knowledge, this work is the first in
which dual detection system (UV/CAD) has been
applied for protoescigenin determination.

EXPERIMENTAL

Chemicals and reagents

Samples of protoescigenin, including working
standard (99.3%, UHPLC), as well as its main impu-
rity barringtogenol C (BAC, 86.6% purity according
to UHPLC) were manufactured and tested in
Pharmaceutical Research Institute (Warszawa,
Poland). Reference standards were fully character-
ized using the following techniques: UHPLC, 1H
NMR, 13C NMR, IR, XRPD, MS, TG and DSC.

Acetonitrile (ACN) and methanol (MeOH) of
HPLC grade were purchased from POCH S.A.
(AVANTOR Gliwice, Poland). Acetic acid (HAc, ≥
99.8%) was obtained from Fluka (Sigma-Aldrich,
USA). Demineralized water (≥ 18.0 W/cm) from
Barnstead system (Thermo Scientific, USA) was
produced in the laboratory.

Chromatography

An UltiMate 3000RS UHPLC system (Thermo
Scientific, Sunnyvale, CA, USA) was used to per-
form all of the analyses. The instrument was
equipped with autosampler (WPS-3000TRS) and

Scheme 1. Original method of preparation of protoescigenin (1, PES-01) from ‚-escin (I). Conditions: i) a) H2SO4, MeOH, reflux, b) KOH,
H2O; ii) MTBE, MeOH, H2O; iii) a) i-PrOH, H2O, b) i-PrOH, cyclohexane; Ang- angeloyl, Tig ñ tigloyl, Ac ñ acetyl, 2-MP ñ 2-methyl-
propanoyl, 2-MB ñ 2-methylbutanoyl (3)
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column oven (TCC-3000RS), both enabled cooling.
DAD-3000RS photodiode array and Corona
charged aerosol (CAD) detectors (Thermo
Scientific, Sunnyvale, CA, USA) were connected in
this system. The data were analyzed using the
Chromeleon software package.

The chromatographic separations were per-
formed on an Acquity C18 BEH column (50 ◊ 2.1
mm i.d., particle size 1.7 µm) manufactured by
Waters (Waters Corporation, Milford
Massachusetts, USA). The column oven tempera-
ture was set at 35OC and autosampler was kept at
20OC. The binary mobile phase, which composed of
acetonitrile and 0.1% acetic acid (30 : 70, v/v), was
pumped at flow rate of 0.4 mL/min. UV (DAD)
detection was performed at 200 nm and the injection

volume was set as 1 µL. Examined samples were
dissolved in methanol (c ~ 2 mg/mL). CAD detec-
tion was performed with nitrogen pressure of 35 psi
and range of 100 pA. The UV and CAD chro-
matograms were scanned concurrently.

Preparation of sample solutions

The stock solutions of standard and samples
were prepared by dissolving 20.0 mg of substance
into 10 mL of methanol. Stock solutions were fur-
ther diluted by methanol to achieve a proper con-
centration for measurements and to get individual
points of calibration curves for two ranges: (1)
broad, from 0.002 mg/mL to 2.40 mg/mL and (2)
narrow, for five concentration levels (i.e., from 1.60
to 2.40 mg/mL).

Figure 1 Example chromatogram of protoescigenin sample and blank: A. UV detection (200 nm), B. CAD detection
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RESULTS AND DISCUSSION

Optimization of chromatographic conditions ñ

UV detection and charged aerosol detection

The separation of protoescigenin and its
process-related impurities was achieved with 30%
of acetonitrile (ACN) in the mobile phase. This
ACN concentration was chosen as an optimal for a
good resolution of all observed peaks within reason-
able time period (see Fig. 1). Because volatile addi-
tives are recommended for CAD detection, a couple
of various eluents were tested as the aqueous part of
the mobile phase during method development. Due
to the poor UV absorbance of triterpene glycosides,
200 nm as the optimal wavelength in UV (DAD)
detection of protoescigenin was selected.

Mobile phase composition

Various additives in the aqueous part of the
mobile phase and their influence on the main peak
area was examined. Ammonium acetate buffer, tri-
fluoroacetic acid, formic acid and acetic acid, all at
different concentrations, were tested. The results are
presented in Figure 2 (both, for UV and CAD).

In case of UV, detection 10 mM concentration
of ammonium acetate resulted in the lowest peak
areas, changing concentration of this buffer had also
noticeable influence on the UV response. Using of 5
mM ammonium acetate gave almost similar results
as in the case of 0.1% trifluoroacetic acid (TFA).
For both, TFA and ammonium acetate, lower con-
centrations resulted in the higher peak areas.
Changing the concentration of formic acid and

Figure 2 The influence of various additives to UV and CAD response (concentration of tested sample ~1 mg/mL, inj. vol. 1 µL)
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acetic acid did not affect the UV detector response;
in case of these two additives the highest peak areas
of protoescigenin were observed.

Different results were obtained in case of CAD
detection. TFA, in both concentrations (0.1 and
0.05%), had the strongest influence on the response
(the lowest peak areas were observed); additionally
a very strong increase of spike peaks was observed.
On the other hand, using of ammonium acetate, as
well as acetic and formic acid gave comparable
CAD response, independent of the additive concen-
tration, with acetic acid giving the highest peak
areas.

Based on obtained results, as optimal compo-
nent of the water part of the mobile phase, for both
detection systems, 0.1% acetic acid was selected.

Influence of the flow rate on UV and CAD

response

During the method development it was
observed that for UV detection the protoescigenin
peak area decreases with increasing mobile phase
flow-rate, whereas CAD response remains flow
rate-independent. This finding has been confirmed
on two examples: (1) for 0.1% acetic acid/acetoni-
trile (70 : 30, v/v) and (2) 0.1% formic acid/acetoni-
trile (70 : 30 v/v) as a mobile phase. Example (1) is
illustrated in Figure 3.

The explanations for the reduction of the signal
intensity are described in the literature (20, 21).
Because UV detector is concentration-sensitive, its
signal follows the Lambert-Beer law (absorbance =
concentration ◊ molar abs. ◊ optical path length).

Figure 3 Correlation between the detector response and the mobile phase flow rates
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When a peak reaches the cell of an UV detector its
width is equal to its residence time, whereas its
height is governed by the analyte concentration at
the peak minimum. As a consequence, the peak area
depends very strongly on the flow rate of the mobile
phase (20, 21). On the other hand, charged aerosol
detector as mass-sensitive is unaffected by this phe-
nomena.

Influence of sample concentration and injection

volume on S/N value in UV and CAD

Optimal sample concentration and injection
volume was determined in both detection approach-
es. For protoescigenin concentration of 1 mg/mL
and injection volume of 2 µL, S/N ratios for CAD
were two times higher than for the UV detection.

Results are presented in Figure 4.

System suitability test (SST) and validation

The SST was performed by 7 subsequent injec-
tions of protoescigenin (PES-01) sample containing
several process-related impurities, among them bar-
ringtogenol C (BAC) at the level of ~17% (normal-
ization calculation method). Parameters such as
peak asymmetry, resolution between critical peaks
and repeatability (based on retention times and peak
areas, the repeatability expressed as RSD %) were
established. SST results were compared for both
detection approach (see Table 1). Results are similar
for both detection systems, but in case of CAD bet-
ter symmetry of PES-01 peak was achieved.

A typical chromatogram is shown in Figure 1.

Limit of detection (LOD) and limit of quantita-

tion (LOQ)

In analytical methods the detection limit
(LOD) is defined as the minimum level at which the
analyte can be reliably detected and quantitation
limit (LOQ) as the minimum level at which the ana-
lyte can be quantified with acceptable accuracy and
precision (22). Several approaches for determining
the LOD and LOQ are possible ñ in this work,
method based on signal-to-noise ratio (S/N) was
used. Limits of detection and quantitation for both
detection systems were established, assuming that
S/N ratio for LOD should be not less than 3.3 and
for LOQ not less than 10. The LOD criterion was
fulfilled for the solutions at the concentration of
0.001 mg/mL for both, UV and CAD detection. In
the case of CAD, S/N values were found to be
almost two times higher than for the UV detection.
The same was observed for LOQ, where the criteri-
on was fulfilled for the solutions of protoescigenin
with concentration of 0.002 mg/mL.

Linearity and calibration range

The linearity of methods (UV and CAD) was
evaluated in two ranges of concentration: (1) broad,
from LOQ to 120% of protoescigenin (i.e., from
0.002 mm/mL to 2.40 mg/mL) and (2) narrow, for
five concentration levels (80% ñ 120%, i.e., from
1.60 to 2.40 mg/mL). Results are presented in Table
1. The obtained calibration curves were linear in
both defined ranges. However, in the case of CAD,
a log-log transformation for calibration curve, which

Figure 4. Influence of sample concentration and injection volume on S/N value in UV and CAD
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judgment concurred with those of other reports (23,
24), was necessary ñ but only for the broad concen-
tration range. It was concluded that the developed
method is appropriate for quantitative purposes for
both UV and CAD detection, in broad concentration
range.

Accuracy and precision

Method precision was tested using six pro-
toescigenin samples at 100% of concentration (c = 2
mg/mL) and was expressed as % RSD. Accuracy
was determined on three levels: 80%, 100% and
120%, three sample solutions per each level, and
was expressed as % of recovery (see Table 1). All
the results were in correspondence with the require-
ments for method validation.

CONCLUSIONS

Protoescigenin, the main genin of HCSE, was
selected as a substrate for further exploratory chem-
istry. Physicochemical characterization of this com-
pound has been recently described by Gruza et al.
(3). As a complement to the aforementioned work, a
new, fast and universal, ultra-high performance liq-
uid chromatography (UHPLC) method for quantita-
tive analysis of protoescigenin has been developed

and validated. In the method dual detection system
has been applied, with using UV (200 nm) and CAD
simultaneously.

The results achieved in method optimization
showed an influence of the mobile phase flow-rate
on UV detector response, expressed as decrease of
the protoescigenin peak area with increasing flow
rate value. A relationship between the type of the
additive to the aqueous mobile phase and both UV
and CAD detectors response was also noticed. The
best results were obtained when 0.1% acetic acid
was used as the additive.

The SST and validation results were in good
agreement with validation requirements for both
detectors. UV and CAD detectors gave linear
response, both for the narrow and the broad range of
concentrations. The sensitivity of CAD detection
was a little bit greater than the UV, when comparing
achieved S/N values.

Combining of the two detection systems ñ
classical UV (in version of DAD detector) and CAD
is the big advantage of the developed method,
because both detection approaches complement
each other. CAD allows for slightly better detection
of weakly UV active protoescigenin and on the other
hand, the lack of possibility of peak purity analysis
in case of CAD is solved by simultaneously employ-

Table 1. Method validation results.

Limits for 
UV (200 nm) CAD pharmaceutical 

substances

Accuracy [%] 99.95 98.97
Recovery
98ñ101%

Precision [%RSD] 0.48 0.37 RSD ≤ 1.0%

Linearity ñ from LOQ to 120% R2 = 0.9995 R2 = 0.9990
(0.002 ñ 2.408 mg/mL) y = 0.4128x + 0.4000 y = ñ0.044x + 1.042x + 0.713 

R2 ≥ 0.998

Linearity ñ from 80ñ120% R2 = 0.9996 R2 = 0.9986
(1.616 ñ 2.408 mg/mL) y = 0.4297x ñ 1.4218 y = 0.0347x + 0.5925 

R2 ≥ 0.998

LOD 0.001 mg/mL 0.001 mg/mL
S/N 4 7 

S/N ≥ 3 

LOQ 0.002 mg/mL 0.002 mg/mL
S/N 11 21

S/N ≥ 10

System suitability results: 

Asymmetry 0.81 0.96 0.8 ≤ As ≤ 1.5

Resolution between PES-01 
and the closest impurity

4.30 3.42 Rs ≥ 1.50

PES-01 Peak area, RSD % 0.62 0.74 RSD ≤ 1.0%

PES-01 Retention time, RSD % 0.13 0.12 RSD ≤ 1.0%

BAC Retention time, RSD % 0.11 0.11 ñ 
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ing of DAD detector. The results obtained for both
detection approaches and their usefulness for pro-
toescigenin quantification have been demonstrated.
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Biomedical research is constantly challenged
to clarify the relationship between health, disease
and metabolism influenced by nutrition, pharmaceu-
ticals and others. Biological fluids, such as urine,
sweat, saliva, blood, contain a great number and
variable metabolites that may offer valuable infor-
mation on the metabolism of an organism, and con-
sequently about its health status (1). In parallel with
genomics, transcriptomics and proteomics,
metabolomics will amplify our understanding of the
pathophysiological processes involved and should
be useful in an identification of potential biomarkers
to develop new therapeutic strategies (2).

Indeed, metabolic fingerprinting, also referred
to as metabolomics, metabonomics, metanomics (3)
or associated terms, is a technique that allows iden-
tification and quantification of metabolites (low
molecular weight molecules e.g., lipids, amino
acids, and sugars)) in biological fluids and is useful
in determining the phenotype of disease (4). 

From a clinical point of view, the study of
metabolic changes that occur in response to diver-
gent physiological processes are helpful in the study
of the mechanisms underlying the development of
various diseases. In terms of personalized medicine,

metabonomic approaches can provide the tool to
predict the action of drugs in a particular individual
based on the predose urinary metabolite profile (5).
Analysis of complex metabolome is not a trivial
task. There are several analytical strategies useful in
analysis of metabolome (6): NMR (7) FT-IR (8),
MS connected with separation techniques: HPLC,
GC and CE. Only the combination of these analyti-
cal techniques offers analysis of complete
metabolome. However, technological advances
have increased the number of metabolites that can
be quantified simultaneously (9). 

Metabolic fingerprinting does not identify the
whole set of metabolites but compare patterns or
fingerprints of metabolites that change in response
to a disease state, pharmacological therapies or envi-
ronmental alterations. This approach is useful as a
diagnostic tool to evaluate the disease state by com-
paring healthy controls and disease subjects, or to
assay the success of a particular treatment (progno-
sis/recovery) (10). However, in the case of under-
standing the mechanisms underlying a disease, qual-
itative and quantitative analyses are necessary (11). 
Metabolite profiling focuses on the analysis of a
group of metabolites related to a specific metabolic
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pathway (12). Here we present preliminary studies
on application of library of N-lipidated peptides
immobilized on cellulose in fingerprinting of urine
metabolites of healthy and tumor bearing mice. 

MATERIALS AND METHODS

Immobilization of 2,4-dichloro-6-methoxy-1,3,5-

triazine on Whatman 7 cellulose filter paper

One hundred thirty five (120 + 15) Whatman 7
cellulose filter plates (10 ◊ 10 cm) were washed with
hexane (200 mL) and ethyl acetate (200 mL). After
drying in a vacuum desiccator, plates were treated with
1 M NaOH (400 mL) for 15 min. In the next step, alka-
line solution was removed and plates were air dried for
10 min and then immersed in a suspension of 1 M solu-
tion of 2,4-dichloro-6-methoxy-1,3,5-triazine (DCMT)
in THF (400 mL) and solid NaHCO3 (42 g, 0.5 mol).
Suspension with immersed cellulose plates was gently
shaken for 45 min, then plates were washed succes-
sively with THF (250 mL), 50% solution THF in water
(250 mL) and acetone (250 mL). DCMT functional-
ized plates were dried to constant weight in a vacuum
desiccator. Loading of 2-chloro-4,-methoxy-1,3,5-tri-
azine was calculated on the basis of the elemental
analysis content of nitrogen and chlorine.

Elemental analysis: found: N 3.64%, Cl 2.66%;
calculated from nitrogen content: 2.60 mmol N/1 g
equivalent to 31.9 ◊ 10-6 mol N/cm2, corresponding to
31.9 ◊ 10-6 mol triazine/cm2; calculated from chlorine
content: 0.75 mmol Cl/1 g equivalent to 9.2 ◊ 10-6 mol
Cl/cm2, corresponding to 9.2 ◊ 10-6 mol triazine/cm2.

Functionalization of 2-chloro-1,3,5-triazine deriv-

ative immobilized on the cellulose support with

1,3-phenylenediamine

One hundred thirty (120 + 10) Whatman 7 cel-
lulose plates modified with DCMT (10 ◊ 10 cm)
were immersed in 1 M solution of 1,3-phenylenedi-
amine in THF (400 mL) and gently shaken for 15 h
at room temperature. Solution was removed, plates
were washed with CH2Cl2 (250 mL), THF (250 mL),
DMF (250 mL) and CH2Cl2 (250 mL) and dried to
constant weight in a vacuum desiccator.

Synthesis of library of N-lipidated dipeptides

Incorporation of N-Fmoc-protected amino 
acids (1st amino acids) on the surface of
DMT-NH-C6H4-NH2 functionalized cellulose sheets 

Synthesis of N-Fmoc-Ala-NH-C6H4-NH-DMT-cel-
lulose sheet {1}). General procedure

Forty two (40 + 2) DMT-NH-C6H4-NH2 func-
tionalized cellulose plates, labeled respectively with

graphite pencil as 1, were immersed in solution of 4-
(4,6-dimethoxy-[1,3,5]-triazin-2-yl)-4-methylmor-
pholinium toluene-4-sulfonate (DMT/NMM/TosO-)
(4.13 g, 10 mmol) in DMF (40 mL), Fmoc-Ala-OH
(3.29 g, 10 mmol) and NMM (2.5 mL, 23 mmol)
and gentle shaking was continued for 12 h. The
excess solution was removed and the modified cel-
lulose plates were washed with DMF (3 ◊ 50 mL)
and methylene chloride (3 ◊ 50 mL). 

Synthesis of N-Fmoc-Trp(Boc)-NH-C6H4-NH-
DMT-cellulose sheet {2}

Forty two (40 + 2) DMT-NH-C6H4-NH2 func-
tionalized cellulose sheets labeled as 2 were treated
with DMF (40 mL) solution containing Fmoc-
Trp(Boc)-OH (5.27 g, 10 mmol), DMT/NMM/TsO-

(4.13 g, 10 mmol) and NMM (2.5 mL, 23 mmol). 

Synthesis of N-Fmoc-Pro-NH-C6H4-NH-DMT-cel-
lulose sheet {3}

Forty two (40 + 2) DMT-NH-C6H4-NH2 func-
tionalized cellulose sheets labeled as 3 were treated
with DMF (40 mL) solution containing Fmoc-Pro-
OH (3.38 g, 10 mmol), DMT/NMM/TsO- (4.13 g,
10 mmol) and NMM (2.5 mL, 23 mmol). 

Deprotection of fluorenylmethyloxycarbonyl
(Fmoc) group from amino acids incorporated on
the surface of functionalized cellulose sheets {1-3}

Cellulose sheets {1-3} were treated with 25%
solution of piperidine in DMF (200 mL) for 15 min.
After removal of excess piperidine solution, {1-3}
were washed with DMF (3 ◊ 100 mL) and methyl-
ene chloride (1 ◊ 100 mL).

Incorporation of the second N-Fmoc-protected
amino acids on the surface of H2N-amino acid-
NH-C6H4-NH-DMT-celululose sheets. General
procedure 

To solution of DMT/NMM/TsO- (4.13 g, 10
mmol) in DMF (40 mL), Fmoc-protected amino
acids (10 mmol) and NMM (2.5 mL, 23 mmol) were
added. After obtaining homogeneous reaction mix-
ture, H2N-amino acid-NH-C6H4-NH-DMT-celulu-
lose sheets labeled with graphite pencil were
immersed and gently shaken for 12 h. The excess
solution was removed and the cellulose sheets were
washed with DMF (3 ◊ 50 mL) and methylene chlo-
ride (3 ◊ 50 mL). 

Incorporation of Fmoc-Ala-OH
Six (3 ◊ 2) modified cellulose sheets {1, 2, 3}

were treated with solution containing Fmoc-Ala-OH
(3.29 g, 10 mmol), DMT/NMM/TsO- (4.13 g, 10
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mmol) and NMM (2.5 mL, 23 mmol) and labeled as
{1.1}, {2.1} and {3.1}.

Incorporation of Fmoc-Phe-OH
Six (3 ◊ 2) modified cellulose sheets {1, 2, 3}

were treated with solution containing Fmoc-Phe-OH
(3.87 g, 10 mmol), DMT/NMM/TsO- (4.13 g, 10
mmol) and NMM (2.5 mL, 23 mmol) and labeled as
{1.2}, {2.2} and {3.2}.

Incorporation of Fmoc-Leu-OH
Six (3 ◊ 2) modified cellulose sheets {1, 2, 3}

were treated with solution containing Fmoc-Leu-
OH (3.53 g, 10 mmol), DMT/NMM/TsO- (4.13 g,
10 mmol) and NMM (2.5 mL, 23 mmol) and labeled
as {1.3}, {2.3}, {3.3}.

Incorporation of Fmoc-Ile-OH
Six (3 ◊ 2) modified cellulose sheets {1, 2, 3} were

treated with solution containing Fmoc-Ile-OH (3.53 g, 10
mmol), DMT/NMM/TsO- (4.13 g, 10 mmol) and NMM
(2.5 mL, 23 mmol) and labeled as {1.4}, {2.4}, {3.4}.

Incorporation of Fmoc-Val-OH
Six (3 ◊ 2) modified cellulose sheets {1, 2, 3}

were treated with solution containing Fmoc-Val-OH
(3.39 g, 10 mmol), DMT/NMM/TsO- (4.13 g, 10
mmol) and NMM (2.5 mL, 23 mmol) and labeled as
{1.5}, {2.5}, {3.5}.

Incorporation of Fmoc-Met-OH
Six (3 ◊ 2) modified cellulose sheets {1, 2, 3}

were treated with solution containing Fmoc-Met-
OH (3.71 g, 10 mmol), DMT/NMM/TsO- (4.13 g,
10 mmol) and NMM (2.5 mL, 23 mmol) and labeled
as {1.6}, {2.6}, {3.6}.

Incorporation of Fmoc-Cys(Trt)-OH
Six (3 ◊ 2) modified cellulose sheets {1, 2, 3}

were treated with solution containing Fmoc-
Cys(Trt)-OH (5.86 g, 10 mmol), DMT/NMM/TsO-

(4.13 g, 10 mmol) and NMM (2.5 mL, 23 mmol)
and labeled as {1.7}, {2.7}, {3.7}.

Incorporation of Fmoc-Ser(tBu)-OH
Six (3 ◊ 2) modified cellulose sheets {1, 2, 3}

were treated with solution containing Fmoc-
Ser(tBu)-OH (3.83 g, 10 mmol), DMT/NMM/TsO-

(4.13 g, 10 mmol) and NMM (2.5 mL, 23 mmol)
and labeled as {1.8}, {2.8}, {3.8}.

Incorporation of Fmoc-Tyr(tBu)-OH
Six (3 ◊ 2) modified cellulose sheets {1, 2, 3}

were treated with solution containing Fmoc-

Tyr(tBu)-OH (3.29 g, 10 mmol), DMT/NMM/TsO-

(4.13 g, 10 mmol) and NMM (2.5 mL, 23 mmol)
and labeled as {1.9}, {2.9}, {3.9}.

Incorporation of Fmoc-Thr(tBu)-OH
Six (3 ◊ 2) modified cellulose sheets {1, 2, 3}

were treated with solution containing Fmoc-
Thr(tBu)-OH (3.37 g, 10 mmol), DMT/NMM/TsO-

(4.13 g, 10 mmol) and NMM (2.5 mL, 23 mmol)
and labeled as {1.10}, {2.10}, {3.10}.

Incorporation of Fmoc-Glu(OtBu)-OH
Six (3 ◊ 2) modified cellulose sheets {1, 2, 3}

were treated with solution containing Fmoc-
Glu(OtBu)-OH (4.25 g, 10 mmol), DMT/NMM/
TsO- (4.13 g, 10 mmol) and NMM (2.5 mL, 23
mmol) and labeled as {1.11}, {2.11}, {3.11}.

Incorporation of Fmoc-Asp(OtBu)-OH
Six (3 ◊ 2) modified cellulose sheets {1, 2, 3}

were treated with solution containing Fmoc-
Asp(OtBu)-OH (4.11 g, 10 mmol), DMT/NMM/
TsO- (4.13 g, 10 mmol) and NMM (2.5 mL, 23
mmol) and labeled as {1.12}, {2.12}, {3.12}.

Incorporation of Fmoc-Gln(Trt)-OH
Six (3 ◊ 2) modified cellulose sheets {1, 2, 3}

were treated with solution containing Fmoc-
Gln(Trt)-OH (6.11 g, 10 mmol), DMT/NMM/TsO-

(4.13 g, 10 mmol) and NMM (2.5 mL, 23 mmol)
and labeled as {1.13}, {2.13}, {3.13}. 

Incorporation of Fmoc-Asn(Trt)-OH
Six (3 ◊ 2) modified cellulose sheets {1, 2, 3}

were treated with solution containing Fmoc-
Asn(Trt)-OH (5.97 g, 10 mmol), DMT/NMM/TsO-

(4.13 g, 10 mmol) and NMM (2.5 mL, 23 mmol)
and labeled as {1.14}, {2.14}, {3.14}.

Incorporation of Fmoc-His(Trt)-OH
Six (3 ◊ 2) modified cellulose sheets {1, 2, 3}

were treated with solution containing Fmoc-
His(Trt)-OH (6.20 g, 10 mmol), DMT/NMM/TsO-

(4.13 g, 10 mmol) and NMM (2.5 mL, 23 mmol)
and labeled as {1.15}, {2.15}, {3.15}.

Incorporation of Fmoc-Lys(Boc)-OH
Six (3 ◊ 2) modified cellulose sheets {1, 2, 3}

were treated with solution containing Fmoc-
Lys(Boc)-OH (4.69 g, 10 mmol), DMT/NMM/TsO-

(4.13 g, 10 mmol) and NMM (2.5 mL, 23 mmol)
and labeled as {1.16}, {2.16}, {3.16}.
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Incorporation of Fmoc-Pro-OH
Six (3 ◊ 2) modified cellulose sheets {1, 2, 3}

were treated with solution containing Fmoc-Pro-OH
(3.37 g, 10 mmol), DMT/NMM/TsO- (4.13 g, 10
mmol) and NMM (2.5 mL, 23 mmol) and labeled as
{1.17}, {2.17}, {3.17}.

Incorporation of Fmoc-Trp(Boc)-OH
Six (3 ◊ 2) modified cellulose sheets {1, 2, 3}

were treated with solution containing Fmoc-
Trp(Boc)-OH (5.67 g, 10 mmol), DMT/NMM/TsO-

(4.13 g, 10 mmol) and NMM (2.5 mL, 23 mmol)
and labeled as {1.18}, {2.18}, {3.18}.

Incorporation of Fmoc-Arg(Pbf)-OH
Six (3 ◊ 2) modified cellulose sheets {1, 2, 3}

were treated with solution containing Fmoc-
Arg(Pbf)-OH (6.49 g, 10 mmol), DMT/NMM/TsO-

(4.13 g, 10 mmol) and NMM (2.5 mL, 23 mmol)
and labeled as {1.19}, {2.19}, {3.19}.

Incorporation of Fmoc-Gly-OH
Six (3 ◊ 2) modified cellulose sheets {1, 2, 3}

were treated with solution containing Fmoc-Gly-OH
(2.97 g, 10 mmol), DMT/NMM/TsO- (4.13 g, 10
mmol) and NMM (2.5 mL, 23 mmol) and labeled as
{1.20}, {2.20}, {3.20}.

Deprotection of fluorenylmethyloxycarbonyl
(Fmoc) group from amino acids incorporated on
the surface of functionalized cellulose sheets {1.1-
3.20}

Functionalized cellulose sheets {1.1ñ3.20}
were treated with 25% solution of piperidine in
DMF (200 mL) for 15 min. After removal of excess
piperidine solution, the cellulose sheets {1.1ñ3.20}
were washed with DMF (3 ◊ 100 mL) then methyl-
ene chloride (1 ◊ 100 mL).

Incorporation of lipid fragment. Synthesis of tri-
azine esters of fatty acids. General procedure

To a vigorously stirred and cooled to 0OC solu-
tion of DMM/NMM/TsO- (6.20 g, 15 mmol) in
methylene chloride (50 mL) N-methylmorpholine
(NMM) (0.85 mL, 7.5 mmol) and fatty acid (15
mmol) were added. As a fatty acids were used 12-
hydroxy-(cis)-9-octadecenoic acid (ricinoleic acid)
(4.48 g, 15 mmol) or stearic acid (4.27 g, 15 mmol).
The mixture was intensively stirred and cooled for
additional 2 h. In the next step, the filtrate was con-
centrated to half volume by rotary evaporation. The
residue was used for treating the H2N-dipeptide-
NH-C6H4-NH-DMT-cellulose sheets. After 12 h of
coupling with triazine ester of fatty acids, modified

cellulose sheets were washed successively with
DMF (4 ◊ 100 mL), CH2Cl2 (1 ◊ 100 mL), MeOH (1
◊ 100 mL) and CH2Cl2 (1 ◊ 100 mL).

Aminolysis of triazine ester of 12-hydroxy-(cis)-9-
octadecenoic acid (ricinoleic acid)

Modified cellulose sheets labeled {1.1-3.20} were
treated with solution of triazine ester of 12-hydroxy-
(cis)-9-octadecenoic acid (ricinoleic acid). Final func-
tionalized cellulose supports were labeled as {1.1.A} ñ
{1.20.A}, {2.1.A} ñ {2.20.A} and {3.1.A} ñ{3.20.A}.

Aminolysis of triazine ester of stearic acid
Modified cellulose sheets labeled {1.1ñ3.20}

were treated with solution of triazine ester of stearic
acid. Final functionalized cellulose supports were
labeled as {1.1.B} ñ {1.20.B}, {2.1.B} ñ {2.20.B}
and {3.1.B} ñ {3.20.B}.

Deprotection of protecting groups in the side
chains of dipeptides immobilized on cellulose sup-
ports

All modified cellulose sheets (120 sheets) were
treated with mixture consisting of 50% (v/v) trifluo-
roacetic acid in methylenie chloride (250 mL) with
3% (v/v) water and 2% (v/v) triisopropylsilane for 3
h. In the next step, modified cellulose sheets were
washed with methylene chloride (2 ◊ 200 mL),
ethanol (2 ◊ 200 mL) and individually dried in a
vacuum desiccator. 

Ten (9 + 1) sets of 6 mm diameter discs were
cut from every one labeled plate and labeled with
graphite pencil as plate label. Then, the discs were
buffered with phosphate buffer pH 7 for 25 min.
After removing solution of buffer, sets of discs were
washed twice with water and with mixture MeOH :
H2O (1 : 1, v:v) for 15 min. Finally, the discs were
dried to constant weight in the vacuum dessicator.

Selection of conditions for binding of urine to
binding pockets of library N-lipidated peptides
immobilized on cellulose
Method A

Set of discs was treated with solution of urine
diluted with (1 : 1). After 15 min, the excess of the
solution was removed and discs were washed three
times with 0.9% NaCl solution. The library was
dried in vacuum desiccator and then treated with
solution of the reporter dye and scanned to investi-
gate further mathematical analysis. 

Method B 
Set of discs was treated with urine solution

under identical conditions as in the case of method
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A. However, after docking the urine components,
cellulose discs were drained to constant weight in
vacuum desiccator and stored in the refrigerator for
3 days. Then, discs were washed three times with
0.9% NaCl solution to remove the excess of the ana-
lyte. The library was dried in vacuum desiccator and
then treated with solution of the reporter dye and

scanned to investigate further mathematical analy-
sis. 

Method C
Set of discs was treated with urine solution

under identical conditions as in the case of method
A, but after docking the urine components, wet

Scheme 1. The synthesis of library of N-lipidated peptides attached on the cellulose
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(without drying) cellulose discs were stored in the
refrigerator for 3 days. In the next step, the discs
were washed three times with 0.9% NaCl solution to
remove the excess of the analyte. Then, the discs
were washed three times with 0.9% NaCl solution to
remove the excess of the analyte. The library was
dried in vacuum desiccator and then treated with
solution of the reporter dye and scanned to investi-
gate further mathematical analysis. 

RESULTS

The library of N-lipidated peptides was synthe-
sized in a stepwise procedure involving immobiliza-
tion of a 2,4-dichloro-6-methoxy-1,3,5-triazine
(DCMT) scaffold on cellulose plate (13) followed
by reaction with appropriate meta-phenylenedi-
amine. Peptide fragment was attached under typical
solid phase peptide synthesis (SPPS) using a quater-
nary N-triazinylamonium salt as coupling reagent
(14) according to Fmoc/tBu strategy, after removing
Fmoc group from immobilized dipeptides.
Appropriate carboxylic acids, previously activated
by means of a triazine coupling reagent (see Scheme
1), were attached. In order to obtain the same prop-
erties of every one element of library on the one cel-
lulose plate it was prepared only one structure.
Then, the library was cloned by cutting discs 6 mm
in diameter an individually labeling every disc with
the label of the respective library plate. 

It has been expected that library of artificial
receptors is able to bind ligands from mouse urine
with efficiency comparable with those observed pre-
viously in the case of colored (15) or colorless (16)
ligands. For monitoring the competitive adsorption-
desorption mechanism of binding colorless ligands,
a Brilliant Black as a reporter dyeing agent was
used. Brilliant Black was selected as reporter dye,
due to its high and very uniform affinity to binding
(17) all elements of the library of N-lipidated pep-
tides (see Fig. 1).

We expected that libraries of N-lipidated pep-
tides immobilized on cellulose allow selective bind-
ing of metabolites from urine and will allow track-
ing changes in urine metabolites in the demand of
health. 

In view of the instability of urine, low concen-
trations of metabolites and the presence of struc-
turally diversified mixture of chemical entities, in
this preliminary study the peptide fragments of the
binding pockets of the library components were pre-
pared from all 20 coded amino acids. In spite of
instability of urine, preliminary testing was per-
formed to find optimal experimental condition of
binding process. 

In these studies, three different binding condi-
tions of urine components by the library of N-lipi-
dated peptides were tested (see Fig. 2). Selection of
the conditions was aimed to check the influence of
time and storage conditions of set discs. Under the

Figure 1. The binding profile of Brilliant Black by library of N-lipidated peptides {1.1A ñ 3.20B}. The numbers 1ñ20 code the second
residue of amino acids of N-lipidated peptides. Numbers (1, 2, 3) code the first residue of amino acids of N-lipidated peptides and letters
(a, b) code N-acyl residue. For every group of bars, signs refers to the same group of sub-structures
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Figure 2. Intensity of coloration with standard deviations obtained for the library N-lipidated peptides treated urine by methods AñC.
Arithmetic means (solid line) with standard deviations (dashed line). All experiments binding urine metabolites by the library of N-lipi-
dated peptides were repeated five times. The numbers 1ñ20 code the second residue of amino acids of N-lipidated peptides. Numbers (1,
2, 3), in figure legend, code first residue of amino acids of N-lipidated peptides and letters (a, b) code N-acyl residue
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Figure 3. The binding profile of C57B1/6 mouse urine components for sub-libraries of N-lipidated peptides
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Figure 4. The binding profile of C3H mouse urine components for sub-libraries of N-lipidated peptides
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Figure 5. The binding profile of BDF1 mouse urine components for sub-libraries of N-lipidated peptides
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Table 1. Elements of N-lipidated peptides library differentiating the urine of healthy mice and C57B1/6 mice
with implanted colon cancer C38.

{1} (sub-Ala) {2} (sub-Trp) {3} (sub-Pro)

1.3A ñ ~AlaLeu-ricinoloyl
1.4A ñ ~AlaIle-ricinoloyl
1.6B ñ ~AlaMet-stearoyl
1.9A ñ ~AlaTyr-ricinoloyl
1.12B ñ ~AlaAsp-stearoyl 
1.17B ñ ~AlaPro-stearoyl

2.4B ñ ~TrpIle-stearoyl 
2.6B ñ ~TrpMet-stearoyl 
2.10B ñ ~TrpThr-stearoyl 
2.17A ñ ~TrpPro-ricinoloyl
2.20A ñ ~TrpGly-ricinoloyl

3.2A ñ ~Pro-Phe-ricinoloyl
3.4B ñ ~ProIle-stearoyl 
3.7A ñ ~ProCys-ricinoloyl
3.8B ñ ~ProSer-stearoyl 
3.9A ñ ~ProTyr-ricinoloyl
3.12B ñ ~ProAsp-stearoyl 
3.19B ñ ~ProArg-stearoyl

Table 2. Structures of elements of N-lipidated peptides library differentiating the urine of healthy mice and C3H
mice with implanted breast cancer 16/C.

{1} (sub-Ala) {2} (sub-Trp) {3} (sub-Pro)

1.1A ñ ~AlaAla-ricinoloyl
1.1B ñ ~AlaAla-stearoyl 
1.2B ñ ~AlaPhe-stearoyl 
1.6A ñ ~AlaMet-ricinoloyl
1.6B ñ ~ AlaMet-stearoyl 
1.7B ñ ~AlaCys-stearoyl 
1.11A ñ ~AlaGlu-ricinoloyl 
1.13B ñ ~AlaGln-stearoyl 
1.15B ñ ~AlaHis-stearoyl 
1.17A ñ ~AlaPro-ricinoloyl
1.18B ñ ~AlaTrp-stearoyl

2.1A ñ ~TrpAla-ricinoloyl
2.1B ñ ~TrpAla-stearoyl 
2.3B ñ ~TrpLeu-stearoyl 
2.9A ñ ~TrpTyr-ricinoloyl
2.9B ñ ~TrpTyr-stearoyl 
2.10A ñ ~TrpThr-ricinoloyl
2.15B ñ ~TrpHis-stearoyl 
2.19B ñ ~TrpArg-stearoyl 
2.20B ñ ~TrpGly-stearoyl 

3.3A ñ ~ProLeu-ricinoloyl
3.9A ñ ~ProTyr-ricinoloyl
3.9B ñ ~ProTyr-stearoyl 
3.14B ñ ~ProAsn-stearoyl 
3.18A ñ ~ProTrp-ricinoloyl
3.19B ñ ~ProArg-stearoyl 
3.20A ñ ~ProGly-ricinoloyl 

Table 3. Structures of elements of N-lipidated peptides library differentiating the urine of healthy mice and
BDF1 mice with implanted lung cancer LLC.

{1} (sub-Ala) {2} (sub-Trp) {3} (sub-Pro)

1.1A ñ ~AlaAla-ricinoloyl
1.2A ñ ~AlaPhe-ricinoloyl
1.3B ñ ~AlaLeu-stearoyl 
1.4B ñ ~AlaIle-stearoyl 
1.5A ñ ~AlaVal-ricinoloyl
1.7A ñ ~AlaCys-ricinoloyl
1.9B ñ ~AlaTyr-stearoyl 
1.10A ñ ~AlaThr-ricinoloyl
1.14A ñ ~AlaAsn-ricinoloyl
1.17A ñ ~AlaPro-ricinoloyl
1.18A ñ ~AlaTrp-ricinoloyl

2.4B ñ ~TrpIle-stearoyl 
2.6A ñ ~TrpMet-stearoyl 
2.7A ñ ~TrpCys-ricinoloyl
2.9A ñ ~TrpTyr-ricinoloyl
2.11B ñ ~TrpGlu-stearoyl 
2.18A ñ ~TrpTrp-ricinoloyl
2.18B ñ ~~TrpTrp-stearoyl 

3.1B ñ ~ProAla-stearoyl 
3.3A ñ ~ProLeu-ricinoloyl
3.4A ñ ~ProIle-ricinoloyl
3.5B ñ ~ProVal-stearoyl 
3.8A ñ ~ProSer-ricinoloyl
3.12B ñ ~ProAsp-stearoyl
3.16B ñ~ProLys-stearoyl 
3.17B ñ ~ProPro-stearoyl 
3.18A ñ ~ProTrp-ricinoloyl
3.19A ñ ~ProArg-ricinoloyl 

conditions of method A, set of discs after binding
urine metabolites into the pockets was directly used
to reporter dye binding. Under the conditions of
method B, set of disks after binding urine metabo-
lites was dried to constant weight and then stored in
refrigerator for 3 days. In method C, set of discs
after treatment with urine, without drying to a con-
stant weight, was stored in the refrigerator for 3
days. 

A comparison of graphs showed that the assay
method and particularly conditions of storage of
discs sets affects the binding profile. The highest

spreads in the obtained results were observed in the
case of method C, which indicates that the storage of
wet set disks is undesirable. It turned out also that
even in the case of storage of dry disks sets in the
refrigerator (method B), it was observed scattering
of results. These observations were taken into
account during further experiments using murine
urine. Thus, in all further tests method A was
applied. 

In experiments evaluating the utility of artifi-
cial receptors libraries for noninvasive medical
diagnostics, urine derived from healthy mice and
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mice with different types of cancer was used. In this
studies, three different types of cancers were tested.
The urine was collected from mice, when tumor vol-
ume reached ~ 700 mm3. For each 120-elements
molecular receptors library were obtained different
binding profile (fingerprint) of mouse urine metabo-
lites. 

In the first test, a binding profile of urine from
C57B1/6 healthy mice was compared with profile
obtained using urine from C57B1/6 mouse suffering
from colon cancer C38 (see Fig. 3). 

In the next set of experiments, a binding profile
obtained by treatment the library with urine of C3H
healthy mouse was compared respectively with
binding profile obtained with urine from C3H
mouse bearing mouse mammary gland cancer 16/C
(see Fig. 4). 

The last studies involved binding metabolites
from BDF1 (C57B1/6xDBA2) healthy mouse urine
and urine from BDF1 mouse bearing lung cancer
LLC (see Fig. 5). 

Based on the graphs (Figs. 3ñ5), several char-
acteristic changes in binding profile can be identi-
fied. 

DISCUSSION AND CONCLUSIONS

A comparison of the binding profiles of
healthy mice C57BL/6, C3H and BDF1 urine com-
ponents (Figs. 3ñ5) shown that even in the case of
standardized laboratory animals the results are var-
ied. This is due to the fact that the composition of
urine varies and depends on many factors including
the species, diet and many others. 

Comparative analysis of the binding profiles of
urinary metabolites of healthy mice and mice with
cancer enabled the selection of elements of the N-
lipidated peptides library, where intensity of binding
were mostly diversified, reflecting differentiation
dependent upon the health. 

Among the 120-element library of N-lipidated
peptides immobilized on cellulose, there were found
18 structures differentiating the urine of healthy
mice and C57BL/6 mice implanted with colon can-
cer C38 (see Table 1).

Analysis of three sub-libraries {1.1ñ20.A-B},
{2.1ñ20.A-B} and {3.1ñ20.A-B} (splitting up due
to the structure of the amino acid connected with m-
phenylenediamine residue) shown the strongest dif-
ference in coloration of field (4 Ile residue attached
to the first amino acid) is common to all sub-
libraries. It should be emphasized that in this case
the structure of the attached lipid does not affect the
ability to discriminate between binding the urine of

healthy mice and C57BL/6 mice bearing colon can-
cer C38. From the analysis emerges another depend-
ency, namely, the impact of the ìsizeî of the first
amino acid residue.

In the case of sub-libraries comprising an ala-
nine residue (small amino acid) in the first position
and sub-libraries containing a proline residue (rela-
tively small amino acid) were selected two addition-
al common elements, namely, the field {1.9} and
{3.9} (with Tyr residue), and {1.12} and {3.12}
(with Asp residue). In the case of the last two library
members, full compliance is observed in the struc-
ture of the lipid.

Analysis of the ability of binding of urinary
metabolites from healthy C3H mouse and C3H mice
bearing mammary gland cancer 16/C showed no
presence of shared structures (see Table 2).

However, has been found the common correla-
tion between the sub-libraries. For sub-library {1}
with an alanine residue in the first position and the
sub-library {2} containing a tryptophan residue it
has been revealed the presence of up to three com-
mon structures: with Ala residue in the second posi-
tion and with both lipid residues (A and B) and with
His residue in the second position with the lipid B.
In the case of sub-libraries {2} with tryptophan
residue and sub-library {3} (proline in the first posi-
tion) it has been found four common structures:
{2.3} and {3.3} (with Leu residue), {2.9} and {3.9}
(with Tyr residue), {2.19} and {3.19} (with Arg
residue) and {2.20} and {3.20} (with Gly residue)
(see Table 2). In the last case it has not been
observed an influence of the lipid structure on bind-
ing selectivity. 

Analysis of binding profile of urine BDF1
mice and BDF1 mice with implanted LLC lung car-
cinoma discovered the presence of two common ele-
ments for all three sub-libraries, e.g., with Ile
residue and with Trp residue in the second position
(see Table 3).

Furthermore, it has been found an additional
correlation between the elements of two sub-
libraries: {1} (sub-Ala) and {2} (sub-Trp). It has
been selected an additional three common elements:
with Cys, Tyr and Trp residue at the second posi-
tion. 

The analysis selected two structures: Lipid-
Pro-Ala-NH-C6H4-NH-DMT-cellulose and Lipid-
Arg-Pro-NH-C6H4-NH-DMT-cellulose diagnostic
for all three tested types of cancers. In this case, the
influence of the lipid on selectivity of receptors was
found to be negligible compared to the peptide
structure.
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Cosmeceuticals represent a marriage between
cosmetics and pharmaceuticals (1). There is an
increasing trend towards the use of these agents in
skin care regimens. Cosmeceutically active products
can be broadly classified into the following cate-
gories: antioxidants, oligopeptides, growth factors
and pigment lightning agents (2). Much attention
has been focused on the tripeptides such as Gly-His-
Lys (GHK) and its copper complex, which have a
high activity and good skin tolerance. Recent data
suggested that their physiological role have been
related to the process of wound healing, tissue repair
and skin inflammation (3). GHK was isolated from
human plasma, where it is present at concentration
of about 200 ng/mL (4). It reveals high affinity to
copper(II) ions exhibited in spontaneous formation
of complex GHK-Cu. GHK may protect copper(II)
ions against redox reaction, modulate copper intake
into cell and increase the level of antioxidant
enzymes and superoxide dismutase activity (5). It
modulated an expression of both matrix metallopro-
teinases (MMP-1 and MMP-2) and their inhibitors

(TIMP-1 and TIMP-2), improving wound healing
and facilitating skin remodeling processes (6).
GHK-Cu increased mRNA for collagen, dermatan
sulfate, chondroitin sulfate, and a small proteogly-
can decorin (7). Canapp et al. (8) showed that GHK-
Cu improved healing of ischemic wounds and sup-
presses inflammation by lowering the level of acute-
phase inflammatory cytokines such as transforming
growth factor β (TGF-β) and tumor necrosis factor
α (TNF-α).

TGF-β is a family of growth factors engaged in
a number of essential cellular functions. The three
isoforms of TGF-β (β1, β2 and β3) are secreted as
inactive latent precursors that require activation prior
to binding to the TGF-β receptors. TGF-β is a multi-
functional cytokine involved in a wide variety of bio-
logical processes such as embryonic development,
neoplastic growth and differentiation, cell prolifera-
tion, apoptosis and regulation of the immune response
(9). It is an important regulator of the wound healing
process. In particular, its interaction with dermal
fibroblasts and the subsequent production of extracel-
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lular products including collagen highlights its central
role in abnormal scarring. Wang et al. (10) showed
that hypertrophic scar derived fibroblasts produced
more mRNA and protein for TGF-β1 than fibroblasts
derived from normal skin, suggesting a possible role
for TGF-β1 in hypertrophic scar formation. Similarly
to TGF-β1, insulin growth factor (IGF) family is
expressed locally in response to tissue injury.
Expression of IGF-1 increased in parallel to the for-
mation of granulation tissue after injury (11).
Ghahary et al. (12) found greater expression of TGF-
β1 and IGF-1 in post-burn hypertrophic scar tissues
as compared to normal dermis from the same patients.
Treatment of human dermal fibroblasts with IGF-1
caused a substantial induction of TGF-β1 mRNA.
Although IGF-1 and IGF-2 exert their main effects
through the IGF-1 receptor, their biological effects
are different (13). According to Musselmann et al.
(14), IGF-2 may serve as a mechanism to immediate-
ly activate keratocytes upon wounding and to amelio-
rate the scarring effects of TGF-β. 

The present study investigated effect of IGF-2
on TGF-β1 secretion in normal human dermal
fibroblasts and the influence of GHK and GHK-Cu
on this process.

EXPERIMENTAL

Cell cultures

Normal human dermal fibroblasts (NHDF)
were obtained from Clonetics

TM
. The cells were cul-

tured in minimum essential medium (MEM, Sigma-
Aldrich) supplemented with 10% fetal bovine serum
(FBS, Life Technologies), 100 IU/mL penicillin G
(sodium salt), 100 µg/mL streptomycin (antibiotic
solution, Sigma-Aldrich) and 10 mM HEPES
(Gibco). The cell cultures were maintained at 37OC
in 5% CO2 atmosphere. In this study, we used cul-
tures at passages 5 and 10. Fresh growth medium
was added every 3 to 4 days and cells were kept sub-
confluent until used for experiments. Because of the
significant content of TGF-β1 in FBS, it is recom-
mended to culture cells in a medium without added
serum or with its serum content decreased. Ninety
percent confluent monolayer was rendered quiescent
in media containing 0.2% fetal bovine serum FBS
(Life Technologies) or ITS Premix (BD
Biosciences) in dilution 1 : 100 for 24 h before use
in experiments. ITS Premix contained insulin,
human transferrin and selenous acid.

Modulators supply and their preparation

The solutions of GHK (liver cell growth factor,
Sigma-Aldrich) and copper(II) chloride dihydrate

(CuCl2 ◊ 2H2O, Sigma-Aldrich) were prepared by
dissolving them in sterile-filtered water and were
then diluted in a culture medium to the concentra-
tion of 1 nM. Complex of GHK with cooper (GHK-
Cu) was prepared by mixing equimolar solutions of
GHK and CuCl2. The TNF-α and IGF-2
(lyophilizates) were diluted in water to 100 µg/mL.

TGF-ββ1 assay

The total TGF-β1 quantity in cultured medium
was evaluated using the Legend Max enzyme-linked
immunosorbent assay kit with pre-coated plates
(BioLegend). Fibroblasts were cultured in 24-well
plates (Sarsted). After 24 h, the medium is clarified
by centrifugation and samples are stored at ñ70OC.
To activate latent TGF-β1 to the immunoreactive
form, the samples were acidified with 1 M HCl. The
absorbance was measured at λ = 450 nm in a
microplate reader (Triad LT Multimode Detector,
Dynex Technologies). TGF-β1 concentration was
determined from a standard curve and the resulting
values were converted to the total amount of cellular
protein.

Total protein assay

The Bradford reagent was used to determine
the total quantity of protein in cell lysates. After
removal of the culture medium, 24-well plates were
placed in ñ70OC for 24 h, and then 100 µL 0.125%
dodecyl sulfate sodium solution was added to each
well. The cell lysates were centrifuged at 13000 rpm
for 3 min. The absorbance was measured at λ = 595
nm by photometer Epoll-20. Bovine serum albumin
was using as the standard protein.

Statistics

Statistical comparisons were made by the
analysis of variance (ANOVA, post hoc Tukeyís
test) or by Studentís t-test. A value of p < 0.05 was
considered statistically significant. The results are
expressed as the means ± standard deviation from
number of experiments. Statistical analysis was per-
formed using data analysis software system STA-
TISTICA (StatSoft, Inc. 2011)

RESULTS AND DISCUSSION

Wound healing is a multi-stage process leading
to the reconstruction of damaged tissue. It may be
divided into inflammation, proliferation and matura-
tion or remodeling. TGF-β1 is a well known
cytokine to initiate the sequent wound healing phas-
es of inflammation, angiogenesis, reepithelializa-
tion, and connective tissue regeneration. It is close-
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Figure 1. Influence of 100 ng/mL TNF-α, 100 ng/mL IGF-2 and type of medium on TGF-β1 secretion by NHDF cell line. (A) The cells
were cultured for 24 h in medium containing 0.2% FBS and its Premix dilution 1 : 100. The results represent the mean ± SD (n = 3); * p
< 0.05 (t-Studentís test). (B) The cells were cultured for 24 h in serum-free medium containing ITS Premix in dilution 1 : 100. The results
represent the mean ± SD (n = 4); * p < 0.05 (t-Studentís test) compared with the control (C)

Figure 2. Influence of 1 nM GHK, GHK-Cu and CuCl2 on IGF-2-dependent TGF-β1 secretion by NHDF cell line. The cells were cultured
for 24 h in serum-free medium containing ITS Premix in dilution 1 : 100. The results represent the mean ± SD (n = 4); * p < 0.05 (ANOVA,
post hoc Tukeyís test) compared with the control (C)

Figure 3. Influence of 1 nM GHK, GHK-Cu and CuCl2 on TGF-β1 secretion by NHDF cell line. The cells were cultured for 24 h in medi-
um containing 0.2% FBS. The results represent the mean ± SD (n = 4); * p < 0.05 (ANOVA, post hoc Tukeyís test) compared with the
control (C)
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ly involved in the remodeling phase with function of
stimulating the collagen synthesis and disposition by
the sustained activation of fibroblasts. TGF-β1 can
up-regulate the angiogenic growth factor like vascu-
lar endothelial growth factor (VEGF) and is also a
potent inhibitor of MMP-1, MMP-3, and MMP-9
and a promoter of tissue inhibitor of MMP-1 syn-
thesis (15). The action of TGF-β1 depended on its
concentration and amount of active latent form. The
proliferation of mink lung fibroblasts is stimulated
by low concentrations of TGF-β1 (5ñ10 ng) and
inhibited by higher concentrations (16). The chronic
overexpression of TGF-β1 or one of its fellow fam-
ily members β2 and β3 drives the formation of
keloids and hypertrophic scars (17).

TGF-β1 production may be controlled at the
levels of transcription, translation, secretion of pre-
formed protein and activation of the latent protein to
its active form (18). IGF-1 may directly increase
secretion of TGF-β1 into extracellular matrix (12).
IGF-1 and IGF-2 mainly exert their effects through
the IGF-I receptor but their biological action are dif-
ferent (13). In contrast to IGF-1, poorly understood
is the role of IGF-2 in this process. Two potential
secretion inductors of TGF-β1, TNF-α and IGF-2
were used in this study. Similarly to IGFs family,
TNF-α rapidly (at 4ñ6 h) upregulated expression of
TGF-β1 mRNA resulting in increased production of
TGF-β1 protein (18), while there are several studies
that reported no increase in (or reduced) TGF-β1
expression consequent to TNF-α treatment (19, 20).
We recorded almost twofold increase in TGF-β1
secretion in response to 100 ng/mL IGF-2 in con-
trast to 100 ng/mL TNF-α. NHDF cells released
small amounts of TGF-β1 regardless of the inductor
used (Fig. 1). All marked TGF-β1 most likely was
coming from a latent complex. Its active form
remained undetected in the studied samples or its
concentration was below detection threshold. No
significant effect of TNF-α on TGF-β secretion may
be associated with the use of high concentrations of
TNF-α (100 ng/mL). These conflicting data may be
explained by differences in the experimental proto-
col or in the cell types used, regulation of TGF-β1
may be cell type-specific.

Much attention has been focused on the tripep-
tides such as GHK and its copper complex, which
have a high activity and good skin tolerance. Recent
data suggested their physiological role in process of
wound healing, tissue repair and skin inflammation. 
Matalka et al. (21) demonstrated that GHK or its
pegylated form at a very low, nontoxic concentra-
tion (1ñ10 nM) stimulated fibroblast proliferation.
Cangula et al. (22) reported that open wounds in

rabbits treated with GHK-Cu tend to heal faster than
similar wounds treated with zinc oxide or kept
untreated. They observed more granulation tissue
formation in the GHK-Cu-treated wounds.
According to Borkow et al. (23), this effect may be
associated with the supply of copper to the wound
tissue. This mechanism is poorly understood. In the
present study, we investigated an effect not only
GHK-Cu but also GHK and free copper (II) ions on
IGF-2-dependent TGF-β1 secretion in NHDF cells.
We observed that 1 nM GHK inhibited IGF-2-
dependent (Fig. 2) and IGF-2-independent TGF-β1
secretion (Fig. 3), although in the second case we
can say about a trend (p = 0.31). The addition of
copper in the ions form (CuCl2) and in the GHK
complex form inhibited IGF-2-dependent TGF-β1
secretion more strongly than the use of the same
peptide. The copper (II) ions effect was similar to
the GHK-Cu action (Fig. 2). One nanomole of
GHK-Cu and CuCl2 have no effect on IGF-2-inde-
pendent TGF-β1 secretion when the fibroblasts were
treated with medium containing only 0.2% FBS
(Fig. 3). McCormack et al. (24) obtained similar
results. GHK-Cu reduced the secretion of TGF-β1
by normal fibroblasts and keloid producing fibro-
blasts. Although both cell types show sensitivity to
GHK-Cu treatment, only keloid fibroblasts demon-
strated statistically significant reductions (24). The
simplest form of copper, an inorganic salt, cannot be
a possible source of delivery of the metal ions to the
low layers of skin because of its low bioavailability
and its general toxicity to the organism. One of the
widely used methods of delivering metal ions into
the skin is their complexation with different ligands,
among which peptides play a main role (25).
Altering the availability of these peptides and its
copper complexes at their target sites within the skin
may offer new therapeutic approaches in skin dis-
ease and dermatology, wound healing and for cos-
metic applications. Copper tripeptide therapy seems
to suppress secretion of ìfibrogenicî growth factor
(TGF-β1) in fibroblasts and it may have application
in decreasing excess scar formation.

Acknowledgment

This work was supported by the Medical
University of Silesia (KNW-1-021/N/2/0).

REFERENCES

1. Malerich S., Berson D.: Dermatol. Clin. 32, 13
(2014).

2. Draelos Z.D.: Clin. Plast. Surg. 38, 397 (2011).



958 ARKADIUSZ GRUCHLIK et al.

3. Pickart L., Margolina A.: JARCP 1, 13 (2012).
4. Pickart L., Thaler M.M.: Nat. New Biol. 243, 85

(1973).
5. Pickart L., Vasquez-Soltero J.M., Margolina A.:

Oxid. Med. Cell Longev. 2012, 324832 (2012).
6. SimÈon A., Emonard H., Hornebeck W.,

Maquart F.X.: Life Sci. 67, 2257 (2000).
7. SimÈon A., Wegrowski Y., Bontemps Y.,

Maquart F.X.: J. Invest. Dermatol. 115, 962
(2000).

8. Canapp S.O. Jr., Farese J.P., Schultz G.S.,
Gowda S., Ishak A.M., Swaim S.F., Vangilder
J. et al.: Vet. Surg. 32, 515 (2003).

9. Penn J.W., Grobbelaar A.O., Rolfe K.J.: Int. J.
Burns Trauma 2, 18 (2012).

10. Wang R., Ghahary A., Shen Q., Scott P.G., Roy
K., Tredget E.E.: Wound Repair Regen. 8, 128
(2000).

11. Pakyari M., Farrokhi A., Maharlooei M.K.,
Ghahary A.: Adv. Wound Care (New Rochelle)
2, 215 (2013).

12. Ghahary A., Shen Q., Shen Y.J., Scott P.G.,
Tredget E.E.: J. Cell Physiol. 174, 301 (1998).

13. Versteyhe S., Klaproth B., Borup R., Palsgaard
J., Jensen M., Gray S.G., De Meyts P.: Front.
Endocrinol. (Lausanne) 4, 98 (2013).

14. Musselmann K., Kane B.P., Alexandrou B.,
Hassell J.R.: Exp. Eye Res. 86, 506 (2008).

15. Werner S., Grose R.: Physiol. Rev. 83, 835
(2003).

16. Ghahary A., Tredget E.E., Ghahary A., Bahar
M.A., Telasky C.: Wound Rep. Reg. 10, 328
(2002).

17. Campaner A.B., Ferreira L.M., Gragnani A.,
Bruder J.M., Cusick J.L., Morgan J.R.: J.
Invest. Dermatol. 126, 1168 (2006).

18. Sullivan D.E., Ferris M., Pociask D., Brody
A.R.: Am. J. Respir. Cell Mol. Biol. 32, 342
(2005).

19. Kwong K.Y., Literat A., Zhu N.L., Huang H.H.,
Li C., Jones C.A., Minoo P.: Life Sci. 74, 2941
(2004).

20. Hodge S., Hodge G., Holmes M., Flower R.,
Scicchitano R.: Respirology 6, 205 (2001).

21. Matalka L.E., Ford A., Unlap M.T.: J.
Biotechnol. Biomater. 2, 144 (2012).

22. Cangul I.T., Gul N.Y., Topal A., Yilmaz R.:
Vet. Dermatol. 17, 417 (2006).

23. Borkow G., Gabbay J., Zatcoff C.R.: Med.
Hypotheses 70, 610 (2008).

24. McCormack M.C., Nowak K.C., Koch R.J.:
Arch. Facial Plast. Surg. 3, 28 (2001).

25. Hostynek J.J., Dreher F., Maibach H.I.:
Inflamm. Res. 60, 79 (2011).



Acta Poloniae Pharmaceutica ñ Drug Research, Vol. 71 No. 6 pp. 959ñ965, 2014 ISSN 0001-6837
Polish Pharmaceutical Society

Over 50 years ago, protoescigenin (PES, 1;
Scheme 1) was identified as the main aglycone of
horse chestnut saponins (escins) and its structure has
been firmly established (1ñ3). Unlike many other
pentacyclic triterpene genins (particularly oleanolic,
ursolic and lupeolic acids), which evoke continuous
interest as prospective lead compounds for medici-
nal chemistry, this compound was completely
absent from the life sciences research area until
recent time. Although clinical position of escin is
well established as venotonic and chronic venous
insufficiency therapeutic (4), a challenge has been
undertaken to examine single chemical entities ñ
either constituents of the escin saponin complex or
their new semi-synthetic derivatives, particularly in
respect to their anti-inflammatory and endothelial
activity (5). Consequently, 1 has emerged as the key
chemical entity of the project, its isolation and
purification had to be elaborated into technically
viable and validated process (6) and its reactivity in
terms of selective protection had to be re-examined
(7). It turned out that selective ketalization is the
most feasible, scalable process for effective partial
protection of 1, affording facile access to derivatives
functionalized exclusively at C28-OH, such as the
propargyl ether 2.

This finding offers a chance to overcome per-
sistent problems with semi-synthesis of triterpene
saponin mimetics based on saccharide connection at
C3-OH. Glycosylating reactions starting from 1 or

its partially protected congeners, including Koenigs-
Knorr and Schmidt protocols, were not successful
and similarly, acid catalyzed procedures (e.g.,
involving thioglycosides or glycals) failed, indicat-
ing substrate inertness or instability. 

Therefore, it has been decided to continue
exploration of derivative 2 reactivity, in the format
of click chemistry using custom synthesized novel
sugar azide synthons. This decision was supported
by recent findings that 1,2,3-triazoles, earlier con-
sidered pharmacologically and metabolically inert,
may actually contribute some inherent biological
activity (8). Since its introduction by Sharpless and
coworkers at the turn of the century, Click-
Chemistry have been applied in thousands of labora-
tories, in all fields of life sciences (9, 10). Azide ñ
alkyne cycloadditions have been performed under
variety of protocols, involving Cu(I) salt catalysis,
Cu(II) salts in the presence or absence of a reducing
agent, or metallic copper. Non-catalyzed versions
have been recommended for application in biologi-
cal chemistry (11, 12). Application of Click-
Chemistry to carbohydrate chemistry and glyco-
science has been so extensive that it has recently
resulted in publishing an extensive monograph,
which summarized over a decade of research (13).

Our first experiments on condensation of 28-
O-propargyl PES ether 2 with monosaccharide
derived azides were carried out according to well
established procedure assuming CuAAC protocol ñ
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Cu(I) species were generating from Cu(II) by reduc-
tion with sodium ascorbate (7, 14, 15). Meanwhile,
reports have appeared that use of Cu(II) salts (or in
fact skipping additives acting as reducing agents) in
an alkyne ñ azide click reaction protocols give just
as satisfactory results as using ascorbate catalyzed
version (16ñ20). We have confirmed these reports
by obtaining new triazoles in reaction of sugar
derived azides with 2 in the presence of copper(II)
acetate without reducing agent, as depicted in
Scheme 2. Azido-sugar substrates for these reac-
tions fall in two distinct structural categories: 1) 1,6-
anhydro-2-azido-2-deoxy-β-D-glucopyranoside 3

and 2) 3-azidopropyl 3,4,6-tri-O-acetyl-2-deoxy-α-
D-galactopyranoside 5 and 3-azidopropyl-4-O-ben-
zyl-3-O-[4í-O-benzyl-2í,3í,6í-trideoxy-α-D-
erythro-hex-2í-enepyranosyl]-2,6-dideoxy-D-glu-
copyranoside 8, which may be reflected by different
chemical (primary and secondary azides) and meta-
bolic stability (susceptibility to in vivo carbon ñ het-
eroatom cleavage). Compound 3 was obtained from
well known levoglucosane epoxide, as described in
the literature (21). The remaining azido-sugars 5 and
8 bearing terminal azido group were obtained from
corresponding glycals 4 and 7 by addition of 3-azi-
dopropanol to unsaturated bond under TPHB catal-
ysis as described in Schemes 3 and 4. 

EXPERIMENTAL

General

Chemical materials like solvents, sorbents,
inorganic salts and organic reagents were of com-
mercial origin, certified for laboratory use, and
applied without purification. Protoescigenin deriva-
tive 2 was prepared as described (7). 1,6-Anhydro-
2-azido-2-deoxy-β-D-glucopyranoside 3, 3,4,6-tri-
O-acetyl-D-galactal 4 and 4-O-benzyl-L-rhamnal 6
and 7 were prepared according to the published pro-
cedures (21ñ25).

Reactions were monitored by TLC on precoat-
ed plates of silica gel 60 F254 (Merck). Visualization
was performed by UV light (λ = 254 and/or 365
nm), and by spraying with 10% sulfuric acid in
ethanol or cerium molybdate stain (26, 27). Crude
products were purified using column chromatogra-
phy performed on silica gel 60 (70ñ230 mesh,
Fluka). 

Organic solvents were evaporated on a rotary
evaporator under diminished pressure at 40OC. 

The 1H and 13C-NMR NMR spectra were
recorded in CDCl3 and DMSO-d6 solutions using
TMS as an internal standard with an Agilent spec-
trometer 400 MHz, Varian spectrometer 300 MHz

and 600 MHz, and Varian-NMR-vnmrs-500. NMR
solvent was purchased from ACROS Organics
(Geel, Belgium). The 1H and 13C-NMR chemical
shifts are given relative to the TMS signal at 0.0
ppm (1H) and DMSO-d6 signal at 39.5 ppm (13C).
Chemical shifts (δ) are expressed in ppm and cou-
pling constants (J) in Hz. Used abbreviations: s ñ
singlet, d ñ doublet, t ñ triplet, q ñ quartet, qAB ñ AB
quartet, m ñ multiplet, ov ñ signals overlapped.
Recorded signals were compared to 2D (HMBC,
HSQC) solved spectra of protoescigenin and its
derivatives (6, 7).

Optical rotations were measured on a JASCO
2000 polarimeter or a PERKIN ELMER 341
Polarimeter using a sodium lamp (589.3 nm).

Mass spectra were recorded with a WATERS
LCT Premier XE system and 4000 QTrap (Applied
Biosystems/MDS Sciex) using electrospray ioniza-
tion (ESI) technique or on a MaldiSYNAPT G2-S
HDMS (Waters) Spectrometer via electrospray ion-
ization (ESI-MS).

Melting points were determined by differential
scanning calorimetry (DSC) carried out by means of
the DSC822 with IntraCooler (Mettler Toledo).

Synthesis of sugar azides 5 and 8

3-Azidopropyl 3,4,6-tri-O-acetyl-2-deoxy-αα-D-

galactopyranoside, 5

To a solution of 3,4,6-tri-O-acetyl-D-galactal 4
(1 mmol, 272.2 mg) in dry CH2Cl2 (5 mL) 3-azido-
propanol (0.12 mL, 131.4 mg, 1.3 mmol) and
molecular sieves 5� were added. Reaction mixture
was cooled in water bath (0OC), then TPHB (triphe-
nylphosphine hydrobromide, 36.3 mg, 0.1 mmol)
was added. Reaction was monitored by TLC (hexa-
ne : ethyl acetate, 3 : 1, v/v). After 5 h, triethylamine
(0.1 mL) was added, reaction mixture was filtered
and then solvent was evaporated under reduced
pressure. Crude product was purified by column
chromatography on silica gel with hexane ñ acetone
(20 : 1, v/v) elution system. Product 5 was obtained
as a colorless syrup with 52% yield. [a]20

D
= +113.8 (c

1.0, CHCl3). 1H NMR (400 MHz, CDCl3, δ, ppm):
5.33 (d, J = 3.0 Hz, 1H, H-4), 5.27 (ddd, J = 12.4,
5.0, 3.1 Hz, 1H, H-3), 5.01 (d, J = 3.0 Hz, 1H, H-1),
4.18ñ4.05 (m, 3H, H-5, H-6a,b), 3.76 (dt, J = 9.9, 6.0
Hz, 1H, -OCH2(a)-), 3.48 (dt, J = 9.9, 6.1 Hz, 1H,
-OCH2(b)-), 3.41 (dt, J = 6.5, 3.2 Hz, 2H, -CH2N3),
2.09 (m, 1H H-2e), 2.14, 2.06, 1.99 (3s, 9H, 3 ◊
-OAc), 1.91ñ1.81 (m, 3H, -CH2-, H-2e). 13C NMR
(100 MHz, CDCl3, δ, ppm): 170.5, 170.3, 170.0 (3 ◊
C=O), 97.6 (C1), 66.8 (C3, C4, C5), 66.6, 66.1, 64.3
(-OCH2-), 62.5 (C6), 48.3 (-CH2N3), 30.1 (C2, CH2),
28.8, 20.8 (-CH3), 20.7. LRMS (ESI): calcd. for
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C15H23N3O8Na ([M + Na]+): m/z 396.3482; found:
m/z 396.3.

3-Azidopropyl-4-O-benzyl-3-O-[4í-O-benzyl-2í,3í,

6í-trideoxy-αα-D-erythro-hex-2í-enopyranosyl]-

2,6-dideoxy-D-glucopyranoside, 8

To a solution of disaccharide 7 (450 mg, 1.06
mmol) in dry CH2Cl2 (5 mL) 3-azidopropanol (0.09
mL, 1.28 mmol) and molecular sieves 5� were
added. Reaction mixture was cooled in water bath
(0OC), then TPHB (triphenylphosphine hydrobro-
mide, 36 mg, 0.1 mmol) was added. Reaction was
monitored by TLC (hexane : ethyl acetate, 3 : 1,
v/v). After 5 h, trietylamine was added, reaction
mixture was filtered and then solvent was evaporat-
ed under reduced pressure. Crude product was puri-
fied by column chromatography on silica gel with
hexane : EtOAc (20 : 1, v/v) elution system. Product
8 (α:β 4:1) was obtained as a colorless syrup with
52% yield. 1H NMR (400 MHz, CDCl3, δ, ppm):
7.42ñ7.23 (m, 10H, HAr), 6.04 (d, J = 10.2 Hz, 1H,
H-3í), 5.67 (ddd, J = 10.2, 2.6, 2.0 Hz, 1H, H-2í),
5.19ñ5.15 (m, 1H, H-1í), 4.82 (1/2 qAB, J = 11.1 Hz,
1H, -CH2Ph), 4.78 (d, J = 2.7 Hz, 1H, H-1α), 4.67
(1/2 qAB, J = 11.7 Hz, 2H, -CH2Ph), 4.65 (1/2 qAB, J
= 11.1 Hz, 1H, -CH2Ph), 4.54 (1/2qAB, J = 11.7 Hz,
2H, -CH2Ph), 4.46 (dd, J = 9.8, 2.0 Hz, 1H, H-1β),
4.07 (ddd, J = 11.5, 8.9, 5.3 Hz, 1H, H-3), 3.92 (dq,
J = 8.8, 6.4 Hz, 1H, H-5í), 3.74 ñ 3.65 (m, 3H, H-4í,
H-5, H-1íía); 3.44ñ3.31 (m, 3H, H-1ííb, H-3ííab),
3.06 (dd~t, J = 9.2 Hz, 1H, H-4), 2.25 (ddd, J = 13.1,
5.3, 1.0 Hz, 1H, H-2eq), 1.89ñ1.79 (m, 2H, H-2ííab),
1.76 (ddd, J = 13.0, 11.5, 3.8 Hz, 1H, H-2ax), 1.28 (d,
J = 6.4 Hz, 3H, 6-CH3), 1.27 (s, J = 6.4 Hz, 3H, 6ë-
CH3). 13C NMR (100 MHz, CDCl3, δ, ppm): 138.5,
138.1 (C-1íí, C-1íííí, CAr), 130.60 (C-3í), 128.43,
128.41, 127.81, 127.77, 127.69 (10 ◊ CAr), 126.84
(C-2í), 99.67 (C-1β), 97.27 (C-1α), 96.17 (C-1íα),
84.44 (C-4), 77.48 (C-3), 76.41 (C-4í), 75.31, 71.02
(2 ◊ -CH2Ph), 67.31 (C-5), 65.62 (C-5), 63.76
(CH2O), 48.51 (-CH2N3), 37.99 (C-2), 28.97 (CH2),
18.25 (C-6í), 18.17 (C-6).

General procedure for PES triazoles synthesis 

Without sodium ascorbate
To the solution of azidosugar (0.2 mmol) in 0.1

mL CH2Cl2 protected protoescigenin 28-O-propar-
gyl ether 2 (0.2 mmol) in methanol (4 mL) and
aquous solution of Cu(OAc)2 (0.4 M, 0.025 mL)
were added. Reaction mixture was stirred overnight
in the room temperature. After that, solvents were
evaporated under vacuum and product was separat-
ed by column chromatography (SiO2).

PES triazole 9

From sugar 3. Reaction mixture was stirred 10
days at room temperature. The crude reaction prod-
uct was purified by column chromatography (SiO2,
CH2Cl2 : acetone, 6:1 → 2:1) with 76% yield as
white solid. M.p. 223-232OC (dec.), [a]20

D
= +38.2O (c

0.50, DMSO). 1H NMR (600 MHz, DMSO, δ, ppm):
8.36 (s, 1H, H3í), 5.7 (d, J = 3.75 Hz, 1H, C3ííOH,
C4ííOH), 5.68 (d, J = 4.2 Hz, 1H,
C3ííOH,C4ííOH), 5.34 (s, 1H, H12), 5.03 (bs, 1H,
H1íí), 4.59 (d, J = 6.1 Hz, 1H), 4.56 (d, J = 16.1 Hz,
2H), 4.43 (d, J = 12.5 Hz, 1H), 4.24 (d, J = 4.7 Hz,
1H, C21-OH), 4.12 (d, J = 6.4 Hz, 1H), 3.93 (d, J =
11.6 Hz, 1H, H24), 3.8 (d, J = 9.2 Hz, 1H, H22),
3.74ñ3.69 (m, 1H), 3.69ñ3.62 (m, 2H), 3.63ñ3.58
(m, 1H), 3.44 (qd, J = 7.0,5.1 Hz, 2H, H16),
3.39ñ3.33 (m, 2H), 3.32 (s, 2H), 3.26 (d, J = 8.5 Hz,
1H), 3.14 (d, J = 11.5 Hz, 1H, H24), 2.41 (d, J =
11.3 Hz, 1H, H18), 1.98ñ1.84 (m, 3H), 1.84ñ1.74
(m, 1H), 1.69ñ1.58 (m, 2H), 1.57ñ1.40 (m, 5H),
1.40 (m, ov, 1H), 1.35 (s, 3H, CH3), 1.33 (s, ov, 3H,
CH3), 1.33 (m, ov, 1H), 1.27 (s, 3H, CH3), 1.25 (s,
3H, CH3), 1.18 (dd, J = 13.0,3.2 Hz, 1H), 1.12 (s,
3H, CH3), 1.11 (s, 3H, CH3), 1.09ñ1.04 (m, 4H),
1.02 (m, 1H), 0.86 (d, J = 11.9 Hz, 1H), 0.75 (s, 3H,
CH3), 0.71 (s, 3H, CH3). 13C NMR (150 MHz,
DMSO, δ, ppm): 143.9 (C2í), 140.3 (C13), 124.0
(C3í), 122.9 (C12), 99.8 (C1íí), 98.03, 97.97, 76.3,
76.1, 75.6, 72.5, 71.3, 70.7, 70.5, 68.1 (C16), 64.9,
63.5, 62.9, 62.8, 53.1 (C5), 46.8, 44.4, 41.10, 41.06,
40.8, 36.8, 36.1, 35.8, 35.3, 34.8, 32.1 (C7), 30.32,
30.27, 27.9, 25.7, 25.4, 24.5, 23.6, 22.7, 18.5, 18.0,
17.4, 16.5. LRMS (ESI): calcd. for C45H69N3O12Na
([M + Na]+): m/z 835.0332; found: m/z 835.0. 

PES triazole 10

The crude reaction product obtained from gly-
coside 5 was purified by column chromatography
with gradient elution system CH2Cl2 : acetone (6 : 1
→ 2 : 1) yielding colorless syrup with 74% yield.
[a]20

D
= +38.2 (c 1.00, CHCl3). 1H NMR (300 MHz,

CDCl3, δ, ppm): 7.53 (s, 1H, H3í), 5.36ñ5.20 (m,
3H), 4.99 (d, J = 2.7 Hz, 1H, H1íí), 4.65 (s, 2H,
H1í), 4.58ñ4.38 (m, 2H), 4.20ñ4.00 (m, 4H),
3.98ñ3.80 (m, 2H), 3.76ñ3.64 (m, 1H), 3.60ñ3.18
(m, 6H), 2.63 (dd, J = 14.3, 3.9 Hz, 1H), 2.37ñ2.18
(m, 1H), 3.25ñ2.18 (m, 2H), 2.14 (s, 3H, OAc),
2.12ñ2.04 (m, 1H), 2.04 (s, 3H, OAc), 2.00 (s, 3H,
OAc), 1.99ñ1.48 (m, 12H), 1.46 (s, 3H, CH3), 1.44
(s, 3H, CH3), 1.37 (s, 3H, CH3), 1.33 (s, 3H, CH3),
1.22 (s, 3H, CH3), 1.20Oñ1.19 (m, 1H), 1.18 (s, 3H,
CH3), 1.12 (s, 3H, CH3), 0.96ñ0.85 (m, 2H), 1.04 (s,
3H, CH3), 0.85 (s, 3H, CH3), 0.79 (s, 3H, CH3). 13C
NMR (150 MHz, CDCl3, δ, ppm): 170.48, 170.26,
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170.06 (3 ◊ C=O); 140.12, 122.88, 99.2, 98.81,
97.71 (C1íí), 77.19, 74.17, 71.27, 69.24 (C28),
66.83 (C16), 66.46 (C4íí), 66.43 (C3íí), 66.03
(C5íí), 63.99, 63.67, 62.24, 53.74 (C5), 47.53,
44.25, 43.9, 41.8, 41.69, 40.15, 37.44, 36.58, 36.3,
36.26, 35.13, 32.41 (C7), 30.13, 30.06, 29.38, 28.83,
27.77, 26.06, 25.55, 25.53, 24.77, 24.53, 23.17,
20.94, 20.7, 20.68 (3 ◊ OAc), 18.88, 17.93, 17.07,
16.69. LRMS (ESI): calcd. for C54H83N3O14Na ([M +
Na]+): m/z 1021.2383; found: m/z 1021.0.

PES triazole 11

The crude reaction product obtained from
sugar azide 8 was purified by column chromatogra-
phy with gradient elution system CH2Cl2 : acetone
(10 : 1õ5 : 1) with 74% yield as light yellow syrup.
1H NMR (400 MHz, CDCl3, δ, ppm): 7.5 (s, 1H,
H3í), 7.43ñ7.20 (m, 10H, HAr), 6.05 (d, J = 10.2 Hz,
1H, H3ííí), 5.70ñ5.65 (m, 1H, H2ííí), 5.25ñ5.20 (m,
1H, H12), 5.19 (bs, 1H, H1ííí), 4.82 (1/2 qAB, J =
11.9 Hz, 1H, -CH2Ph), 4.78 (d, J = 3.1 Hz, 1H,

Scheme 1. Protoescigenin 1, the main product of controlled hydrolysis of escin saponins and its partially protected 28-O-propargyl ether
2. Conditions: i) 2,2-dimethoxypropane, acetone, cat. p-TSA, RT, overnight, ii) BrCH2C≡CH, TBAB, KOH, THF, room temp., overnight

Scheme 2. General procedure of synthesis PES triazoles 9ñ11

Scheme 3. Synthesis of 3-azidopropyl galactopyranoside 5; i) 3-azidopropanol, TPHB, CH2Cl2, 0OC, 5 h
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H1íí), 4.67 (1/2 qAB, J = 11.6 Hz, 1H, -CH2Ph), 4.62
(1/2 qAB, J = 11.9 Hz, 1H, -CH2Ph), 4.67ñ4.63 (m,
2H, H1í), 4.54 (1/2 qAB, J = 11.6 Hz, 1H, -CH2Ph),
4.44 (ddd~dt, J = 13.5, 6.8 Hz, 2H, H4í), 4.08 (ddd,
J = 11.3, 8.9, 5.0 Hz, 1H, H3íí), 4.04 (d, J = 11.8 Hz,
1H), 3.96ñ3.90 (m, 1H, H5ííí), 3.91 (d, J = 10.2 Hz,
1H), 3.86 (d, J = 10.2 Hz, 1H), 3.73ñ3.62 (m, 3H),
3.53 (d, J = 8.4 Hz, 1H), 3.45 (dd, J = 9.2, 4.5 Hz,
1H), 3.39ñ3.19 (m, 3H), 3.08 (dd~t, J = 9.2 Hz, 1H,
H4íí), 2.67ñ2.59 (m, 1H), 2.27 (dd, J = 12.5, 5.4 Hz,
1H, H2ííeq), 2.20ñ2.12 (m, 2H, H5í), 2.19ñ1.80 (m,
6H), 1.82ñ1.74 (m, 1H, H2ííax), 1.74ñ1.3 (m, 20H),
1.3 (d, J = 6.2 Hz, 3H, C6ííí-CH3), 1.26 (d, J = 6.2
Hz, 3H, C6íí-CH3), 1.24ñ0.98 (m, 15H), 0.91ñ0.77
(m, 7H). 13C NMR (100 MHz, CDCl3), δ, ppm):
145.4 (C2í), 140.1 (C13), 138.4 (-Ph), 138.1 (-Ph),
130.6 (C3ííí), 128.43 (-Ph), 128.41 (-Ph), 127.8
(-Ph), 127.7 (-Ph), 126.8 (C2ííí), 122.9, 122.4, 99.2,
98.8, 97.3, 96.2 (C1ííía), 84.3 (C4íí), 77.5, 77.22,
77.06, 76.4, 75.3, 74.2, 71.1, 71.0, 69.3, 67.4, 65.7,
64.6, 63.8, 63.4, 53.8 (C5), 47.6, 47.4, 44.3, 43.9,
41.8, 41.7, 40.2, 37.9, 37.5, 36.6, 36.3, 35.1, 32.5
(C7), 30.9, 30.3, 29.7, 29.7, 28.9, 27.9, 26.1, 25.6,
24.6, 18.9, 18.3, 18.2, 18.0, 17.1, 16.7. LRMS (ESI):
calcd. for C68H97N3O12Na ([M + Na]+): m/z
1171.5005; found: m/z 1171.4.

Reactions of 2 with 4-azidobenzoic acid 12 

With sodium ascorbate
From azide 12. Reaction mixture was stirred 8

days at room temperature. The crude reaction prod-
uct was purified by column chromatography (SiO2,
CH2Cl2 → CH2Cl2 : MeOH 85 : 15) yielding white
solid with 91% yield. 

With sodium ascorbate
Ether 2 (110 mg, 0.17 mmol) and 4-azidoben-

zoic acid 12 (64 mg, 0.21 mmol) were dissolved in
t-BuOH (7.5 mL) and water (4 mL) was added.
Then was added solution of Cu(AcO)2 (1.5 mL of
soln. 280 mg of Cu(AcO)2 in 10 mL of water) and
solution of sodium ascorbate (AscNa, 1.5 mL soln.
of 260 mg AscNa in 10 mL of water). Reaction mix-
ture became brown immediately and then turbid.
After two days, TLC control (CHCl3 : MeOH, 9 : 1,
v/v, product RF = 0.34) indicated complete depletion
of the substrate. To the reaction mixture water (70
mL) was added and product was extracted with
CH2Cl2 (3 ◊ 20 mL). The combined organic phases
were washed with 5% aqueous NaHCO3 and dried
over anhydrous Na2SO4. After filtration and concen-
tration crude 13 was obtained, and purified by col-

Scheme 4. Synthesis of 3-azidopropyl disaccharide 8; i) p-TsCl, NaOHaq, TBAI, toluene, room temp., 24 h; i) 3-azidopropanol, TPHB,
CH2Cl2, 0OC, 5 h

Scheme 5. Synthesis of PES triazoles 13. Conditions: i) Cu(OAc)2, AscNa, t-BuOH, water, room temp.; 
ii) Cu(OAc)2, MeOH, room temp.
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umn chromatography with gradient elution system
(SiO2, CH2Cl2 → CH2Cl2 : MeOH 85 : 15) to give
pure triazol 13 with yield 85% as a colorless solid.
TLC: RF = 0.34 (CHCl3 : MeOH 9 : 1, v/v); 0.40
(CH2Cl2 : MeOH 85 : 15, v/v); [a]20

D
= +8.55 (c 1.0,

THF). M.p. (DSC) 184.4OC (crystallized from THF).
1H NMR (600 Hz, DMSO-d6, d, ppm): 13.20 (bs,
1H, -CO2H), 9.04 (s, 1H, H3í), 8.14 (dAB, J = 8.8 Hz,
2H, Ar), 8.10 (dAB, J = 8.7 Hz, 2H, Ar), 4.85 (bs, 1H,
H12), 4.77 (d, J = 12.8 Hz, 1H, H1í), 4.47 (d, J =
12.9 Hz, 1H, H1í), 4.23 (d, J = 4.4 Hz, 1H, C21-
OH), 3.82 (d, J = 9.6 Hz, 1H), 3.79 (d, J = 12.3 Hz,
1H), 3.68 (dd, J = 4.6, 9.2 Hz, 1H), 3.36ñ3.26 (m,
ov, 4H), 3.14 (d, J = 8.3 Hz, 1H), 3.07 (d, J = 11.4
Hz, 1H), 2.40 (dd, J = 3.1, 14.2 Hz, 1H, H18),
1.89ñ1.75 (m, ov, 5H), 1.56ñ1.38 (m, ov, 7H), 1.35
(s, 3H, CH3), 1.30 (s, 3H, CH3), 1.28 (s, 3H, CH3),
1.23 (s, 3H, CH3), 1.18 (d, J = 11.0 Hz, 1H), 1.06 (s,
3H, CH3), 1.04 (s, 3H, CH3), 0.92 (s, 3H, CH3),
0.88ñ0.85 (m, 1H), 0.77 (s, ov, 3H, CH3), 0.75 (m, ov,
1H), 0.61 (s, 3H, CH3), 0.53 (s, 3H, CH3). 13C NMR
(150 Hz, DMSO-d6, δ, ppm): 166.3 (C=O), 144.8
(C2í), 139.9 (C13), 139.5 (Ar), 131.1 (Ar), 130.5
(Ar), 122.7 (C3í), 121.8 (C12), 119.3 (Ar), 98.3, 97.7,
75.9, 75.6, 72.7, 69.7 (C28), 68.4 (C16), 62.7, 62.6,
52.8 (C5), 46.6, 44.2, 43.0, 41.0, 40.8, 39.6, 36.7,
35.7, 35.5, 35.4, 35.1, 31.9 (C7), 30.33, 30.16, 28.1,
27.8, 25.6, 25.2, 24.2, 24.0, 22.4, 18.0, 17.8, 17.4,
16.2. HRMS (ESI): calcd. for C46H65N3O8Na [M +
Na]+ m/z: 810.4669; found: m/z: 810.4673.

RESULTS AND CONCLUSIONS

The four new triazole derivatives of protoesci-
genin were obtained ñ three of them containing a
glycoside moiety. In all cases to perform the
cycloaddition reaction there was no need of addition
a reductant (e.g., sodium ascorbate). However, for
the secondary azide, the reaction time was highly
elongated.

It has been suggested that in Cu(II) catalyzed
click reactions an alcohol used as the reaction sol-
vent gets oxidized by copper salt to a sufficient
degree to provide Cu(I) catalyst, which binds termi-
nal acetylenic substrate by a covalent bond. Without
entering a mechanistic dispute, it seems useful to
sort out a situation in which Cu(I) and Cu(II) as well
as non catalytic reaction pathways have been
claimed, for purely practical purposes. 

Thus, PES propargylic ether 13 has been sub-
jected to click reactions with 4-azidobenzoic acid 12

(Scheme 5), side by side, under catalytic and non-cat-
alytic conditions. It turned out that copper catalyzed
reactions proceeded with comparable yield, while

lack of reductant (sodium ascorbate, AscNa) resulted
in significant prolongation of reaction time (from 1
day in the presence to 8 days in the absence of
AscNa). Similar observation was done for the reac-
tion of 2 with azidosugar 3: in absence (presence) of
AscNa product 9 was obtained with 76% (71%) yield
after 10 days (1 day) of reaction time, respectively.
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Cyclosporin A (CsA) is a cyclic nonribosomal
peptide composed of 11 amino acids, initially iso-
lated from the fungus Tolypocladium inflatum (1).
Immunosuppressive effects of CsA involve its
binding to cyclophilin, a cytoplasmic protein of
immunocompetent lymphocytes, especially T cells.
CsA-cyclophilin complex is an inhibitor of cal-
cineurin, a mediator of transcriptional activation
pathway of interleukin 2 (IL-2). CsA-cyclophilin
complex binds to calcineurin and prevents the
dephosphorylation of the transcription factor NF-
AT and its relocation to the cell nucleus, which
excludes the increase in transcriptional activity of
genes encoding IL-2 and related cytokines. CsA
therapeutic activity takes place in the early phases
of the cell cycle (G0, G1) and results from the inhi-
bition of cellular and humoral immune responses
and modification of inflammatory reactions. CsA
affects the TH cells activating process and thereby
indirectly inhibits the production of antibodies and
activation of macrophages. It also inhibits the B-
lymphocytes to some extent (2ñ4). CsA also affects

the mitochondria, preventing the opening of mito-
chondrial permeability transition pore ñ MPTP,
thereby reducing the release of cytochrome C,
which is an effective apoptosis-stimulating factor
(5, 6). 

CsA is widely used in patients after heart, kid-
ney, liver, lung, pancreas, bone marrow, skin and
small intestine transplants. Apart from transplant
medicine, CsA is also used in psoriasis, severe
atopic dermatitis, pyoderma gangrenosum, chronic
autoimmune urticaria and, infrequently, in rheuma-
toid arthritis and related diseases, although it is only
used in severe cases. In the United States, CsA is
widely used in the form of eye drops for the treat-
ment of dry eye (7). CsA was also studied for use as
neuroprotective agent in case of traumatic brain
injury. Experiments with animals demonstrated a
reduction of damage associated with brain injury. It
was shown that CsA blocks the formation of MPTP,
which are responsible for the formation of neural tis-
sue damage due to head injury or neurodegenerative
diseases (8). 

INFLUENCE OF CYCLOSPORIN A ON EXPRESSION PATTERN OF GENES
ASSOCIATED WITH DNA REPAIR IN HUMAN DERMAL FIBROBLASTS
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Abstract: Cyclosporin A (CsA) is a cyclic nonribosomal peptide with immunosuppressive activity. Chronic
immunosuppressive medication is associated with time distant side effects and is the cause of the different sec-
ondary diseases, including cancers (especially skin cancers). Anomalies in the functioning of DNA repair mech-
anisms are closely related to the processes of neoplastic transformation. The object of this study was to assess
the impact of CsA exposure (8 h, early cell response) on expression of genes associated with DNA repair in
normal human dermal fibroblasts (NHDF). NHDF from CC-2511 cell line were routinely maintained in FBM
medium. Transcriptional activity of genes associated with DNA repair in NHDF after 8 h of cells exposition to
CsA (C = 100 ng/mL) in relation to control cells was compared using Affymetrix HGñU133A 2.0 oligonu-
cleotide microarray technique. GeneSpring GX fluorescence signals analysis of 1514 probes, which represent-
ed the expression of 875 genes selected from the NetAffx Analysis Center database for ìDNA repairî query,
demonstrated the inhibited expression of 32 probes (p-value < 0.05; Fold Change > 2.0), including: BRCA1,
RAD51, TOP2A, EXO1, RRM2, CDK1 and POLE2. The obtained results suggest that CsA can have a silencing
effect on DNA repair genes. Therefore, the risk of skin cancer development during CsA therapy can result not
only from immunosuppressive effects of the drug, but is also likely to arise from inhibition of DNA repair
pathways.
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Eukaryotic cells developed specialized detec-
tors of genome damage. DNA repair requires effi-
cient lesion detection, which is one of the major
early cell responses to DNA damage. Induction of
this process is accompanied by mechanisms that
stop the cell cycle, which prolongs the time needed
for DNA repair before replication and division of
chromosomes. This ensures the restoration of genet-
ic information and maintenance of gene sequence.
Until now, six major DNA repair pathways in living
cells were described, including direct reversal, base
excision repair, nucleotide excision repair, mis-
match repair, non-homologous end joining, micro-
homology-mediated end joining and homologous
recombination, which are represented by expression
of over 850 genes (9, 10). It is well recognized that
anomalies in the functioning of DNA repair mecha-
nisms are closely related to the processes of neo-
plastic transformation (11).

Little is known about CsA molecular mecha-
nism of action, particularly about its influence on
gene expression and responses induced at the cellu-
lar level. Side effects and multidrug resistance alter-
ation are frequently observed during the treatment
with CsA. Furthermore, chronic immunosuppres-
sive medication is associated with time distant side
effects and is the cause of different secondary dis-
eases, including cancers (especially skin cancers).
The object of this study was to assess the impact of
CsA exposure (8 h, early cell response) on expres-
sion of genes associated with DNA repair in normal
human dermal fibroblasts (NHDF).

EXPERIMENTAL

Cell culture

Human dermal fibroblasts from CC-2511 cell
line (Clonetics, San Diego, CA, USA), routinely
grown in fibroblast basal medium (FBM ñ Lonza,
Basel, Switzerland), were used as the material for
the study. Cultures were incubated under conditions
of constant temperature of 37OC, constant humidity
of 95% and 5% CO2 enriched atmosphere. NHDFs
were exposed to CsA at a concentration of 100
ng/mL for 8 h. CsA concentration of 100 ng/mL
complied with an average therapeutic concentration
of the drug in blood plasma of routinely treated renal
transplant patients (12). The study used a base solu-
tion of CsA in 0.9% NaCl (Novartis, Basel,
Switzerland) at a concentration of 50 mg/mL.

Extraction of total RNA

TRIzol reagent (Invitrogen Life Technologies,
California, USA) was used to isolate total RNA

from samples, according to the manufacturerís pro-
tocol. Total RNA extracts were treated with DNase
I (Fermentas International Inc., Ontario, Canada)
and purified with the use of RNeasy Mini Kit
(Qiagen GmbH, Hilden, Germany), in accordance
with manufacturerís instructions.

Qualitative and quantitative assessment of total

RNA extracts

The quality of RNA was estimated by elec-
trophoresis on a 1% agarose gel stained with ethid-
ium bromide. RNA concentration was determined
on the basis of absorbance at 260 nm using a
GeneQuant pro RNA/DNA Calculator (Pharmacia
LKB Biochrom Ltd., Cambridge, UK).

Oligonucleotide microarray gene expression

analysis

To synthesize double-strand cDNA, 8 µg of
total RNA was used (SuperScript Choice system;
Invitrogen Life Technologies, CA, USA). The syn-
thesis of biotinylated cRNA was carried out using
BioArray HighYield RNA Transcript Labeling Kit
(Enzo Life Sciences, New York, USA). Fragmen-
tation of cRNA was performed with the use of
Sample Cleanup Module Kit (Qiagen GmbH,
Germany). Hybridization mixture was prepared
using the GeneChip Expression 3í-Amplification
Reagents Hybridization Control Kit and subjected to
hybridization with HG-U133A 2.0 microarrays
(Affymetrix Inc., California, USA). All steps were
performed according to the Gene Expression
Analysis Technical Manual (Affymetrix Inc.,
California, USA). Fluorescence intensity was meas-
ured with the use of Affymetrix GeneArray Scanner
3000 7G (Affymetrix Inc., California, USA).

Statistical analysis and prediction of differential-

ly expressed genes 

Six microarray plates were used: three for con-
trol and three for treated cells. For the analysis of
NHDF transcriptomes, influenced by CsA exposure,
among 22 277 mRNA probes present on the HG-
U133A 2.0 microarray, transcripts associated with
DNA repair were selected. The names of the probes
were obtained from Affymetrix NetAffx Analysis
Center database (13) after entering the query: ìDNA
repairî. There were 1514 probes filtered, which rep-
resented the expression of 875 different genes.

Agilent GeneSpring GX software was used for
statistical analysis of the data after microarrays
scanning. Simultaneous normalization with RMA
algorithm (Robust Multichip Average) of 22 277
fluorescence signal values for the six HG-U133A
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2.0 chips was performed. Microarray quality control
tests were carried out using: 3D Principal
Component Analysis, analysis of the normalized
fluorescence signal values for hybridization control
probes and the 3í/5í ratios for internal controls.
Differentially expressed genes were determined
using T test unpaired and Fold Change (FC) filter-
ing. P-values were computed using asymptotic
method with 300 permutations and corrected using
Benjamini-Hochberg multiple testing correction
method. The standard cut-off of p-value < 0.05 was
set to determine statistical significance of mRNA
fluorescent signals. The criterion used for differen-
tially expressed genes required the absolute value of
FC to be greater than 2.0 (|FC| > 2.0) between com-
pared samples.

RESULTS AND DISCUSSION

Cyclosporin A is known to inhibit nucleotide
excision repair (NER) via downregulation of the
xeroderma pigmentosum group A and G proteins,
which is mediated by calcineurin inhibition (14, 15).
The inhibition of NER mechanism is widely recog-
nized to contribute to the skin cancer proneness in
organ transplant patients. Also, CsA can induce
DNA double-strand breaks (16) and it was shown

that calcineurin inhibitors decrease DNA repair and
apoptosis in human keratinocytes following ultravi-
olet B irradiation (17). Together, this suggests the
potential role of CsA in carcinogenesis, which can-
not be explained by immunosuppression alone.

Oligonucleotide microarray technique allows a
detailed analysis of changes in transcriptional activ-
ity of tens of thousands of genes simultaneously.
This technique is often used to study the impact of
drugs on the cellular processes at the molecular level
(18). Such study allows to perform the prediction of
differentially expressed genes and also may help to
understand how therapeutic agents modify the
expression of specific genes of interest (19).

This study focused on investigating the tran-
scriptional activity of genes associated with DNA
repair in NHDF cells cultured in the presence of
CsA for 8 h in comparison with control cultures. The
use of HG-U133A 2.0 Affymetrix oligonucleotide
microarray technology allowed to determine the
gene expression parameters after obtaining normal-
ized expression values for the individual probes.
Comparison of gene expression in treated and con-
trol NHDFs was performed using Agilent
GeneSpring GX software. Based on Affymetrix
NetAffx Analysis Center database (13), the sets of
probes associated with the pathway of interest were

Figure 1. Volcano plot showing relationship between p-value (ñlog10 of p-value, y-axis) and fold change (x-axis, FC) as a result of T Test
unpaired (1514 probes, n = 3). P-values were computed using asymptotic method with 300 permutations and corrected using Benjamini-
Hochberg multiple testing correction method. Differential genes (p < 0.05; |FC| > 2.0) associated with DNA repair are shown in dark gray
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filtered. The aim of the analysis was to search for
differences and similarities in the expression pat-
terns of selected sets of genes. The set of 1514
probes, representing the expression of genes associ-
ated with DNA repair, in the form of values of the

fluorescence signals, was used to determine differ-
entially expressed genes characterized by the most
significant fold change under the influence of CsA.
T test unpaired, with a predetermined cut-off of p-
value < 0.05, allowed to predict 128 mRNA probes,

Table 1. Probes for genes associated with DNA repair (p < 0.05; |FC| > 2.0), differentiating early cell response (8 h) of human dermal
fibroblasts exposed to cyclosporin A (C = 100 ng/mL; n = 3) in relation to control cells.

Probe set ID Gene symbol Corrected p-value FC Absolute Regulation  

201890_at RRM2 0.0129 8.30 down  

209773_s_at RRM2 0.0143 7.33 down  

210559_s_at CDK1 0.0147 5.09 down  

204126_s_at CDC45 0.0181 4.94 down  

203214_x_at CDK1 0.0143 4.80 down  

202503_s_at KIAA0101 0.0143 4.39 down  

203213_at CDK1 0.0129 4.21 down  

201291_s_at TOP2A 0.0184 4.16 down  

201292_at TOP2A 0.0129 4.05 down  

220651_s_at MCM10 0.0181 3.85 down  

204603_at EXO1 0.0184 3.60 down  

204146_at RAD51AP1 0.0174 3.54 down  

209642_at BUB1 0.0216 3.30 down  

206632_s_at APOBEC3B 0.0225 3.28 down  

218355_at KIF4A 0.0278 3.26 down  

204822_at TTK 0.0216 3.16 down  

220085_at HELLS 0.0147 2.99 down  

203145_at SPAG5 0.0262 2.77 down  

212949_at NCAPH 0.0435 2.72 down  

204033_at TRIP13 0.0312 2.69 down  

213007_at FANCI 0.0458 2.54 down  

208079_s_at AURKA 0.0349 2.40 down  

216237_s_at MCM5 0.0262 2.37 down 

219502_at NEIL3 0.0323 2.30 down  

205733_at BLM 0.0249 2.22 down  

203554_x_at PTTG1 0.0292 2.19 down  

204128_s_at RFC3 0.0435 2.19 down  

205909_at POLE2 0.0312 2.18 down  

204531_s_at BRCA1 0.0266 2.16 down  

213008_at FANCI 0.0435 2.14 down  

205024_s_at RAD51 0.0448 2.14 down  

202589_at TYMS 0.0174 2.13 down
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associated with DNA repair, with significantly
altered transcriptional activity level in NHDF cells
exposed to CsA compared to the control group.
Filtering the absolute values of fold change between
compared cells was performed in order to narrow
down a set of differentially expressed genes. Probes
with |FC| > 2.0 (minimum two-fold increase or
decrease in signal intensity) were selected and
formed a panel of 32 transcripts. Differentially
expressed probes are shown in Figure 1 in the form
of Volcano plot, describing relationship between p-
value and FC as a result of statistical analysis.

Analysis of transcriptional activity of genes
involved in DNA repair mechanisms, differentiating
early NHDF response to CsA exposure in relation to
control cultures, showed that all typed transcripts

were inhibited, including: BRCA1 (2.16-fold), three
probes for CDK1 (5.09-, 4.80- and 4.21-fold, respec-
tively), EXO1 (3.60-fold), POLE2 (2.18-fold),
RAD51 (2.14-fold), two probes for RRM2 (8.30- and
7.33-fold, respectively) and two probes for TOP2A
(4.16- and 4.05-fold, respectively). Detailed data,
illustrating the influence of CsA, including probe set
IDs, symbols of genes, p-values, FCs and regulation
are shown in Table 1. Names of the encoded proteins
for differentially expressed genes along with gene
symbols are presented in Table 2.

Under the influence of CsA, the most inhibited
gene was RRM2 encoding ribonucleotide reductase
small subunit M2. This reductase catalyzes the for-
mation of deoxyribonucleotides from ribonu-
cleotides. Synthesis of the encoded protein (M2) is

Table 2. Genes associated with DNA repair, differentiating the response of NHDF exposed to CsA for 8 h.

Gene symbol Encoded protein name 

APOBEC3B apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3B

AURKA aurora kinase A

BLM Bloom syndrome, RecQ helicase-like

BRCA1 breast cancer 1, early onset

BUB1 BUB1 mitotic checkpoint serine/threonine kinase

CDC45 cell division cycle 45

CDK1 cyclin-dependent kinase 1

EXO1 exonuclease 1

FANCI Fanconi anemia, complementation group I

HELLS helicase, lymphoid-specific

KIAA0101 KIAA0101

KIF4A kinesin family member 4A

MCM10 minichromosome maintenance complex component 10

MCM5 minichromosome maintenance complex component 5

NCAPH non-SMC condensin I complex, subunit H

NEIL3 nei endonuclease VIII-like 3 (E. coli)

POLE2 polymerase (DNA directed), ε 2, accessory subunit

PTTG1 pituitary tumor-transforming 1

RAD51 RAD51 recombinase

RAD51AP1 RAD51 associated protein 1

RFC3 replication factor C (activator 1) 3, 38 kDa

RRM2 ribonucleotide reductase M2

SPAG5 sperm associated antigen 5

TOP2A topoisomerase (DNA) II α 170 kDa

TRIP13 thyroid hormone receptor interactor 13

TTK TTK protein kinase

TYMS thymidylate synthetase 
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regulated in a cell-cycle dependent fashion. It was
recently shown that RRM2 may be a facilitating fac-
tor in colorectal tumorigenesis and UV-induced
DNA damage repair (20).

RAD51 encodes recombinase from RAD51
family, which members are highly similar to bacter-
ial RecA and Saccharomyces cerevisiae Rad51.
These proteins are known to be involved in DNA
repair and homologous recombination. RAD51 pro-
tein product can interact with the ssDNA-binding
protein RPA and RAD52, and it is thought to play
roles in homologous pairing and strand transfer of
DNA. It was also found to interact with BRCA1 and
BRCA2, which may be important for the cellular
response to DNA damage (21). 

BRCA1, which was also notably influenced by
CsA, encodes a nuclear phosphoprotein involved in
maintaining genomic stability and also acts as a
tumor suppressor. The encoded protein interacts
with other tumor suppressors, DNA damage sensors
and signal transducers to form a large multi-subunit
protein complex known as the BRCA1-associated
genome surveillance complex (BASC) (22). BRCA1
protein product cooperates with RNA polymerase II
and also influences histone deacetylase complexes
through its C-terminal domain. Thus, this protein
plays a role in transcription, DNA repair of double-
stranded breaks and recombination (23).

CONCLUSIONS

Together, the results suggest that CsA can have
a silencing effect on DNA repair genes. Therefore,
the risk of skin cancer development during CsA
therapy can result not only from immunosuppressive
effects of the drug, but is also likely to arise from
inhibition of DNA repair pathways.

Acknowledgment

This study was supported by grant KNW-1-
047/D/1/0 from the Medical University of Silesia
(Poland).

REFERENCES

1. Tedesco D., Haragsim L.: J. Transplant. 2012, 1
(2012). 

2. Colombo D., Ammirati E.: J. Biol. Regul.
Homeost. Agents 25, 493 (2011). 

3. Voskamp P., Bodmann C.A., Koehl G.E.,
Tensen C.P., Bavinck J.N., Willemze R.,
Geissler E.K., de Gruijl F.R.: Transplantation
96, 871 (2013). 

4. Wimmer C.D., Angele M.K., Schwarz B.,
Pratschke S., Rentsch M., Khandoga A., Guba
M. et al.: Transpl. Int. 26, 999 (2013).

5. Elrod J.W., Wong R., Mishra S., Vagnozzi R.J.,
Sakthievel B., Goonasekera S.A., Karch J. et
al.: J. Clin. Invest. 120, 3680 (2010).

6. Wilkinson S.T., Johnson D.B., Tardif H.L.,
Tome M.E., Briehl M.M.: Oncol. Lett. 1, 227
(2010).

7. Tu E.Y., Rheinstrom S.: Dry eye, in
Ophthalmology. Yanoff M., Duker J.S. Eds.,
Mosby Elsevier, St. Louis 2008.

8. Sullivan P.G., Thompson M., Scheff S.W.: Exp.
Neurol. 161, 631 (2000).

9. Menck C.F., Munford V.: Genet. Mol. Biol. 37,
220 (2014).

10. Maginn E.N., de Sousa C.H., Wasan H.S.,
Stronach E.A.: Biochim. Biophys. Acta 1846,
45 (2014).

11. Herman-Edelstein M., Rozen-Zvi B.,
Zingerman B., Lichtenberg S., Malachi T.,
Gafter U., Ori Y.: Biomed. Pharmacother. 66,
111 (2012). 

12. Abd A.Y., Aziz N.A., Hassan Y., Salih M.R.M.,
Ghazali R.: Int. J. Pharm. Sci. 2, 224 (2010).

13. http://www.affymetrix.com/ (accessed on
02.05.2014).

14. Kuschal C., Thoms K.M., Boeckmann L., Laspe
P., Apel A., Schˆn M.P., Emmert S.: Exp.
Dermatol. 20, 795 (2011). 

15. Han W., Soltani K., Ming M., He Y.Y.: Cancer
Prev. Res. (Phila) 5, 1155 (2012).

16. OíDriscoll M., Jeggo P.A.: Bone Marrow
Transplant. 41, 983 (2008).

17. Yarosh D.B., Pena A.V., Nay S.L., Canning
M.T., Brown D.A.: J. Invest. Dermatol. 125,
1020 (2005).

18. Aleksander E., Hibner G., Zajdel A., Paul-
Samojedny M., Wilczok A.: Farm. Przegl.
Nauk. 10, 47 (2010).

19. Hibner G., Aleksander E., Zajdel A., Paul-
Samojedny M., Wilczok A.: Farm. Przegl.
Nauk. 1, 35 (2011).

20. Lu A.G., Feng H., Wang P.X., Han D.P., Chen
X.H., Zheng M.H.: World J. Gastroenterol. 18,
4704 (2012).

21. Nogueira A., Assis J., Catarino R., Medeiros R.:
Pharmacogenomics 14, 689 (2013).

22. Knudsen N.�., Andersen S.D., L¸tzen A.,
Nielsen F.C., Rasmussen L.J.: DNA Repair
(Amst) 8, 682 (2009).

23. Li M., Yu X.: Cancer Cell 23, 693 (2013). 



Acta Poloniae Pharmaceutica ñ Drug Research, Vol. 71 No. 6 pp. 972ñ986, 2014 ISSN 0001-6837
Polish Pharmaceutical Society

Keloid disease is an abnormal cutaneous fibro-
proliferative disorder of unknown etiopathogenesis.
Keloids present as benign fibroproliferative tumors
are considered to be scars that occur when full thick-
ness wounds heal abnormally (1ñ6). The molecular
abnormalities in keloids that correlate with molecu-
lar mechanisms in normal wound healing can be cat-
egorized into the synthesis and degradation of extra-
cellular matrix (ECM) components, cytokines and
growth factors, and apoptotic pathways (6, 7). ECM
deposition in any tissue is regulated by a balance

between synthesis and degradation of individual
components (8). The major component of keloids
ECM is mainly either type III collagen (early) or
type I collagen (late) because keloid is a type of scar
which depends on its maturity (5, 6). 

The synthesis of type I collagen is highly regu-
lated by different cytokines at transcriptional level.
Especially, isoforms β1 and β2 of transforming
growth factor (TGFβ1 and TGFβ2), members of
TGFβ family, enhance type I collagen gene expres-
sion. Moreover, they prevent collagen degradation
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Abstract: Keloids are characterized by overgrowth of connective tissue in the skin that arises as a consequence
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ator of profibrotic response. CTGF is induced by TGFβ1 and is considered a downstream mediator of TGFβ1
action in fibroblasts. CTGF plays a crucial role in keloid pathogenesis by promoting prolonged collagen syn-
thesis and deposition and as a consequence sustained fibrotic response. During keloids formation, besides
imbalanced ECM synthesis and degradation, fibroblast proliferation and itís resistance to apoptosis is observed.
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ent kinase inhibitor CDKN1A (p21) and BCL2 family genes: antiapoptotic BCL-2 and proapoptotic BAX.
Genistein (4í,5,7-trihydroxyisoflavone) exhibits multidirectional biological action. The concentration of genis-
tein is relatively high in soybean. Genistein has been shown as effective antioxidant and chemopreventive
agent. Genistein can bind to estrogen receptors (ERs) and modulate estrogen action due to its structure simi-
larity to human estrogens. Genistein also inhibits transcription factors NFκB, Akt and AP-1 signaling pathways,
that are important for cytokines expression and cell proliferation, differentiation, survival and apoptosis. The
aim of the study was to investigate genistein as a potential inhibitor of CTGF and TGFβ1, β2 and β3 isoforms
expression and a potential regulator of p53, CDKN1A (p21), BAX and BCL-2 expression in normal fibroblasts
and fibroblasts derived from keloids cultured in vitro. Real time RT-QPCR was used to estimate transcription
level of selected genes in normal and keloid fibroblasts treated with genistein. Secreted/cell-associated CTGF
protein was evaluated in cell growthís medium by ELISA. Total protein quantification was evaluated by fluo-
rimetric assay in cells lysates (Quant-iT TM Protein Assay Kit). It was found that TGFβ1, β2 and β3 genes
expression are decreased by genistein. Genistein suppresses the expression of CTGF mRNA and CTGF protein
in a concentration dependent manner. p53 and p21 genes expression are modulated by genistein in concentra-
tion dependent manner. The agent also modulates BAX/BCL-2 ratio in examined cells in vitro.
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by stimulating production of protease inhibitors (9).
In contrast, TGFβ3, which is predominantly induced
in the later stages of wound healing, has been found
to reduce connective tissue deposition (10).
Connective tissue growth factor (CTGF) is a cys-
teine-rich protein (CCN2) induced by TGFβ1 in
connective tissue cells e.g., keloid fibroblasts which
are implicated as mediators of elevated ECM depo-
sition (11, 12). Elevated CTGF expression causes
cell activation and tissue fibrosis (13ñ19). Sustained
CTGF synthesis might be responsible for mainte-
nance of the fibrotic phenotype in keloids (11, 16,
18, 19).

During keloids formation, besides imbalanced
ECM synthesis and degradation, fibroblast prolifer-
ation and itís resistance to apoptosis is observed (2,
20ñ23). Key genes that may play a role in keloid
formation and growth involve: suppressor gene p53,
cyclin-dependent kinase inhibitor p21 (CDKN1A)
and BCL2 family genes: antiapoptotic BCL-2 and
proapoptotic BAX. The most crucial gene in the net-
work of pathways governing cellís division and
apoptosis is p53. The p53 tumor suppressor func-
tions as transcription factor, by inducing or repress-
ing different genes. It can also act as direct inducer
of apoptosis by translocation into mitochondria (24).
The p21 (also known as p21WAF1/Cip1) is a negative reg-
ulator of cell divisions. It inhibits the kinase activity
of the cyclin-dependent kinases (CDKs) CDK2 and
CDK1 leading to growth arrest at specific stages in
the cell cycle. In addition, by binding to proliferat-
ing cell nuclear antigen (PCNA), p21 interferes with
PCNA-dependent DNA polymerase activity, there-
by inhibiting DNA replication and modulating vari-
ous PCNA-dependent DNA repair processes (25).
BCL2 family genes are involved in intrinsic, mito-
chondrial pathway of apoptosis. In response to stress
activation, BAX forms a homodimer and releases
cytochrome c from the mitochondria, which results
in caspase-9 activation and apoptosis. BCL-2
homodimers play opposite, protective role by stabi-
lization of mitochondrial membrane (26). 

Keloids are important problem in dermatology
and esthetic dermatosurgery. In spite of long-lasting
studies on keloid formation, there is no one satisfac-
tory method to be successful in keloid prevention
and treatment (14, 27, 28). There are some interest-
ing perspectives with the use of genistein, which
possesses antiproliferative and proapoptotic proper-
ties in many human cancer cell lines (29ñ36). 

Genistein is a natural component of the plant
belonging to isoflavones class. Soybean is the most
abundant source of naturally occurring genistein.
Genistein (4í,5,7-trihydroxyisoflavone) exhibits

antioxidant properties (37ñ40) and multidirectional
action at the molecular level including i.a., estro-
genic and antiestrogenic activity; inhibition of: pro-
tein tyrosine kinases (PTKs), topoisomerase II,
phosphatidylinositol turnover and proteins involved
in multidrug resistance of cancer cells. Genistein
also interacts with other potential cellular target pro-
teins (36, 41ñ50). Multidirectional molecular action
of genistein led to its use as a modulator of cell pro-
liferation, apoptosis, differentiation and cell cycle
progression, particularly cancer cells. Recent report
has shown that genistein is a potent cancer chemo-
preventive agent (51).

The aim of the study was to investigate genis-
tein as a potential modulator of CTGF gene expres-
sion (mRNA and protein expression) and TGFβ1,
β2 and β3 genes expression (mRNAs expressions)
and was to enquire whether genistein exerts antipro-
liferative or apoptotic activity through effect on p53,
p21 (CDKN1A), BCL-2 and BAX genes expression
in keloid fibroblast and normal dermal fibroblasts
cultured in vitro.

EXPERIMENTAL

Cell culture

Normal human dermal fibroblasts line (NHDF,
Adult) was obtained from the tissue culture collec-
tion of CloneticsÆ (Lonza Walkersville Inc.,
Walkersville, MD, USA). Keloid fibroblasts line
(KEL FIB) was obtained from the tissue culture col-
lection of ATCCÆ (LGC Standards, Teddingtin,
UK). Dulbeccoís modified Eagleís medium
(DMEM) with L-glutamine and fetal bovine serum
(FBS) were purchased from ATCCÆ (LGC
Standards, Teddington, UK). Antibiotic (penicillin-
streptomycin solution), Dulbeccoís phosphate
buffered saline without Mg2+ and Ca2+ and 1x
Trypsin with EDTA were purchased from Sigma
Aldrich (St. Louis, USA). Nunc EasYFlasks with
filter 25 cm2 culture surface area was purchased
from Thermo Scientific NuncÆ (Roskilde,
Denmark); 96-wells microplates and other plastic
materials were purchased from Sarstedt
(N¸mbrecht, Germany).

Normal human dermal fibroblasts (NHDF) and
keloid fibroblasts (KEL FIB) were cultured in
DMEM with L-glutamine supplemented with 10%
FBS and 1% pen/strep solution (100 U/mL peni-
cillin, 200 µg/mL streptomycin). Cells were main-
tained at 37OC and 5% CO2 atmosphere in a humid-
ified incubator. At confluence, cells were routinely
passaged. Cells from passages 4 to 6 were used in
the study. For the quantitative determination of
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examined mRNAs expression, the cells were seeded
at the density of 5 ◊ 105 per 5 mL medium in 25 cm2

surface area culture flasks. For the quantitative
determination of CTGF protein expression and total
protein quantity, the cells were seeded at the density
of 5 ◊ 103/well per 300 µL medium in a 96-wells
microplate. After 24 h, when cells adhered to the
bottom of wells and started growing, the media were
changed to media containing genistein. 

Preparation of genistein dilutions

Genistein from Glycine max (soybean) used in
the study was supplied by Sigma AldrichÆ (cat. no.
G6776). Genistein was dissolved in dimethyl sul-
foxide (DMSO) as 1% stock solution (concentra-
tion of genistein 37 mM) and diluted in the growth
medium (DMEM) with fetal bovine serum (FBS)
and antibiotics for normal dermal fibroblast and
keloid fibroblast cultures. Genistein in: 370, 185,
92.5, 37, 18.5, 3.7, 1.85, 0.37 µM and 0 µM (con-
trol) concentrations was used in the study to evalu-
ate CTGF mRNA/protein expression and genes
expression of TGFβ isoforms. For evaluation of the
effect of soybean genistein on the expression of
selected genes regulating cell cycle genistein in:
370, 37, 3.7, 0.37 µM and 0 µM (control) concen-
trations was used.

The expression of selected genes regulating cell

cycle (p53, p21, BCL-2, BAX) and CTGF,

TGFββ1, ββ2, ββ3 isoforms mRNAs expression in

NHDF and KEL FIB cells treated with genistein

For the analysis of selected mRNAs expres-
sion, NHDF and KEL FIB cells were seeded at the
density of 5 ◊ 105 per 5 mL medium in 25 cm2 sur-
face area culture flasks. After 24 h of incubation
under standard conditions (37OC, 5% carbon dioxide
and 95% humidity), DMEM with L-glutamine, 10%
FBS and 1% pen/strep in fibroblasts cultures were
changed to proper mediums supplemented with
genistein. Cells were treated with genistein for 72 h
under standard conditions. Control groups of cells
constituted NHDF and KEL FIB cells cultured 72 h
in standard culture media described above.

RNA extraction and real-time RT-QPCR assay

Total RNA was extracted from control cell cul-
tures and cell cultures incubated with genistein with
the use of TRIZOLÆ reagent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturerís protocol.
RNA concentration was determined spectrophoto-
metrically, on the basis of absorbance values at the
wavelength of 260 nm, using a Gene Quant II
RNA/DNA Calculator (Pharmacia Biotech, USA).

All RNA extracts were treated with DNase I (MBI
Fermentas) according to the manufacturerís instruc-
tion. 

Transcriptional activity of p53, p21, BCL-2,
BAX, CTGF, TGFβ1, β2, β3 genes was evaluated
by the use of real-time RT-QPCR technique with a
SYBR Green I chemistry (SYBR Green Quantitect
RT-PCR Kit, QIAGEN, Valencia, CA, USA). The
analysis was carried out using an OpticonTM DNA
Engine Sequence Detector (MJ Research, USA).
Real-time RT-PCR assay was performed in tripli-
cate for each sample. The thermal cycling condi-
tions for one-step RT-QPCR assay were as follows:
50OC for 30 min for reverse transcription, 95OC for
15 min followed by 45 cycles at 94OC for 15 s, 60OC
for 30 s and 72OC for 10 min.

mRNA (RT-QPCR) quantitative detection of
CTGF, p53, p21, BCL-2, BAX were conducted on
the basis of primer pairs designed for reference
sequences (Gene Bank www.ncbi.nlm.nih.gov) with
the following sequences: 
CTGF mRNA: 5í-GTgACgAgCCCAAggACCAAACCT-
3í (forward),
5í-TggACCAggCAgTTggCTCTAATCATAgTTg-3í
(reverse);
p53 mRNA: 5í-TAACAgTTCCTgCATgggCggC-3í (for-
ward), 
5í-AggACAggCACAAACACg CACC-3í (reverse); 
p21 mRNA: 5í-CACTCCAAACgC CggCTgATCTTC-3í
(forward),
5í-TgTAgAgCgggCCTTTgAggCCCTC-3í (reverse); 
BCL-2 mRNA: 5í-TTgTggCCTTCTTTgAgTTCggTg-3í
(forward), 
5í-ggTgCCggTTC AggTACTCAgTCA-3í (reverse); 
BAX mRNA: 5í- CCTgTgCACCAA ggTgCCggAACT-
3í (forward),
5í-CCACCCTggTCT TggATCCAgCCC-3í (reverse).

mRNA (RT-QPCR) quantitative detection of
TGFβ1, β2 and β3 isoforms was conducted based on
the published sequences (52).

The generally used housekeeping genes, β-
actin and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) were used as a potential, accessible
endogenous controls for experimental conditions.
The PCR primers for β-actin and GAPDH were pur-
chased from PE Applied Biosystems (PE Applied
Biosystems, Inc., Foster, CA, USA).

The mRNA copy numbers of examined genes
were obtained by amplifying commercially avail-
able standard of β-actin cDNA (TaqManÆ DNA
Template Reagents Kit; PE Applied Biosystems,
Inc., Foster, CA, USA). The control genes were
amplified in triplicate under conditions applied for
the target genes. 
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Following RT-PCR, the samples were subject-
ed to temperature ramp from 60 to 95OC at the rate
of 0.2OC/s with continuous fluorescence monitoring
for melting curve analysis. 

Specificity of real-time RT-QPCR reactions
for analyzed genes was experimentally confirmed
by 8% polyacrylamide gel electrophoresis and deter-
mination of the amplimer melting temperatures. No
primer-dimers or unspecific by-products were gen-
erated during applied RT-QPCR amplification
cycles.

Finally, specificity of RT-PCR reaction was
confirmed by determining characteristic tempera-
ture of melting for each amplimer (p53 = 81.8OC;
p21 = 83.3OC, BCL-2 = 82.6OC; BAX = 82.0OC;
CTGF = 82.7OC; TGFβ1 = 85.5OC; TGFβ2 =
80.4OC; TGFβ3 = 80.8OC) and by 8% polyacry-
lamide gel electrophoresis of RT-PCR products with
their visualization using silver staining (121 base
pair (bp) for p53 amplimer, 101 bp for p21
amplimer, 114 bp for BCL-2 amplimer, 99 bp for
BAX amplimer, 109 bp for CTGF amplimer, 152 bp
for TGFβ1 amplimer, 201 bp for TGFβ2 amplimer
and 121 bp for TGFβ3 amplimer).

Enzyme-linked immunosorbent assay (ELISA)

quantitative measurement of CTGF protein

CTGF protein expression was measured by
ELISA in cell culture media (NHDF and KEL FIB)
according to the manufacturerís protocol (USCN
Life Science Inc., Wuhan, P.R. China). The kit is a
sandwich enzyme immunoassay for in vitro quanti-
tative measurement of CTGF protein in human
serum, plasma, cell culture medium and other bio-
logical fluids. ELISA was performed in triplicate for
each sample and in duplicate for each standard and
control. Optical density readings of each well (stan-
dards and samples) were taken at 450 ± 10 nm on
the Asys UVM 340 Microplate Reader (Biogenet).
The concentration of CTGF protein in the samples
was determined by comparing the O.D. of the sam-
ples to the standard curve. The standard curve con-
centrations used for the ELISAís were: 30, 15, 7.5,
3.75, 1.88, 0.94 and 0.47 ng/mL. The minimum
detectable concentration of human CTGF protein is
typically less than 0.21 ng/mL. 

The total protein concentration measurement in

cell cultures 

Total protein was extracted from control cells
and cells treated with genistein (NHDF and KEL
FIB) with the use of CellLyticTMM kit (Sigma
AldrichÆ, Saint Louis, MO, USA) following the pro-
tocol of manufacturer. Total protein concentration

(µg/mL) was determined in triplicate using a Qubit
protein assay kit (no. Q3321; Invitrogen) on a Qubit
2.0 fluorometer (Invitrogen).

Statistical analysis

Statistical analysis was carried out using
Statistica PL 8.0 software. The Shapiro-Wilk test for
data normality was applied. Statistical analysis of
the data showed their normality, therefore all the
results are represented as the means ± SD. The one-
way ANOVA followed by post hoc Dunnettís test
was used to determine the significant differences
between a control group (cells untreated with genis-
tein) mean and the remaining genistein treatment
group means in an analysis of variance setting. The
difference between control cells (NHDF vs. KEL
FIB) was analyzed using the Studentís t-test. Values
of p < 0.05 were considered statistically significant.

RESULTS

Housekeeping genes ββ-actin and glyceraldehyde-

3-phosphate dehydrogenase GAPDH as potential

candidates for endogenous control

The generally used housekeeping genes, β-
actin and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) were used as potential, accessible
endogenous controls for experimental conditions.
The transcriptional activity of β-actin (ACTB) and
GAPDH genes were detected in both cell lines
(NHDF and KEL FIB) untreated genistein. 

The expression of β-actin gene exhibited sig-
nificant differences between normal and keloid
fibroblasts (p = 0.004, Studentís t-test) and was
lower in NHDF cells (3.44 ◊ 107 ± 4.81 ◊ 106 copy
number of mRNA per 1 µg of total RNA) compared
to KEL FIB cells (4.12 ◊ 107 ± 2.03 ◊ 106 copy num-
ber of mRNA per 1 µg of total RNA). Statistical
analysis of the experimental data with the use of
ANOVA revealed statistically significant differ-
ences (p < 0.05) in β-actin gene expression between
control cells and cells treated with genistein, simi-
larly as described previously (53). Moreover,
expression of β-actin mRNAs changed, depending
on genistein concentration, which excludes its appli-
cation as endogenous control that might serve to
normalize expression results of examined genes
(54).

The expression of GAPDH mRNA exhibited
no significant differences between normal and
keloid fibroblasts (p = 0.272087, Studentís t-test)
and was lower in KEL FIB cells (4.16 ◊ 104 ± 3.5 ◊
103 copy number of mRNA per 1 µg of total RNA)
compared to NHDF cells (1.94 ◊ 105 ± 2.04 ◊ 104
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copy number of mRNA per 1 µg of total RNA) (Fig.
1). Statistical analysis of the experimental data
revealed no statistically significant differences in
GAPDH mRNA expression between NHDF control
cells and NDHF cells treated with genistein (p =
0.39094, ANOVA). Statistical analysis of the exper-
imental data with the use of ANOVA revealed sta-

tistically significant differences in GAPDH gene
expression between KEL FIB control cells and KEL
FIB cells treated with genistein (p = 0.000022,
ANOVA). Expression of GAPDH mRNA in KEL
FIB cells exposed to genistein in concentration 0.37
and 370 µM compared to control KEL FIB cells
showed statistical significance (p = 0.00059 and p =

Figure 1. Comparison of the copy number of GAPDH mRNAs per 1 µg of total RNA in NHDF/KEL FIB cells treated with various genis-
tein concentration vs. respective control NHDF/KEL FIB cells. * p < 0.01

Figure 2. The native expression of CTGF, TGFβ1, β2 and β3 isoforms in NHDF control cells and KEL FIB control cells. * p < 0.05 (com-
parison between control NHDF cells and KEL FIB cells)

Figure 3. Expression of CTGF mRNA in NHDF cells and KEL FIB cells determined by real-time PCR. Comparison of the copy number
of CTGF mRNAs per 1 µg of total RNA in NHDF cells treated with various genistein concentration vs. control NHDF cells (*p) and in
KEL FIB cells treated with various genistein concentration vs. control KEL FIB cells (#p). */# p < 0.01, **/## p < 0.001, ***/### p <
0.0001 (post hoc Dunnettís test)
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0.005634, respectively; post hoc Dunnettís test)
(Fig.1). 

The results of the statistical analysis showed no
possibility of using GAPDH as endogenous control
to normalize the results of examined genes expres-
sion.

The native mRNA expression of CTGF, TGFββ1,

ββ2 and ββ3 isoforms in NHDF control cells and

KEL FIB control cells

The transcriptional activity of all examined
genes was detected in unstimulated (control) NDHF
cells and KEL FIB cells. The expression of CTGF
mRNA exhibited significant differences between
normal and keloid fibroblasts (p = 0.0154, Studentís
t-test) and was lower in NHDF cells (7.06 ◊ 104 ±
7.92 ◊ 103 copy number of mRNA per 1 µg of total

RNA) compared to KEL FIB cells (1.07 ◊ 105 ± 1.26
◊ 104 copy number of mRNA per 1 µg of total
RNA). Likewise, statistical analysis revealed signif-
icant differences in TGFβ1 mRNA (p = 0.0106,
Studentís t-test) and TGFβ3 mRNA (p < 0.0001,
Studentís t-test) between normal and keloid fibrob-
lasts. The expression of TGFβ1 mRNA and TGFβ3
mRNA was lower in NHDF cells (8.21 ◊ 105 ± 8.67
◊ 104 and 4.0 ◊ 104 ± 7.04 ◊ 103 copy number of
mRNA per 1 µg of total RNA, respectively), com-
pared to KEL FIB cells (1.11 ◊ 106 ± 1.03 ◊ 105 and
1.49 ◊ 105 ± 1.87 ◊ 104 copy number of mRNA per
1 µg of total RNA, respectively). No marked
changes in TGFβ2 mRNA were demonstrated
between control NHDF cells (1.50 ◊ 105 ± 5.99 ◊ 104

copy number of mRNA per 1 µg of total RNA) and
control KEL FIB cells (9.96 ◊ 104 ± 1.36 ◊ 104 copy

Table 1. The results of the statistical analysis (post hoc Dunnettís test) used to determine the differences
between TGFβ1, β2, β3 mRNAs expression between control cells (cells untreated genistein) and cells treated
with genistein in NHDF cells.

Genistein The results of post hoc Dunnettís
concentration test presented as p value 

[µM]
TGFββ1 TGFββ2 TGFββ3

0.37 0.000007 0.000005 0.000007

1.85 0.000005 0.012149 0.000416

3.7 0.000014 0.005199 0.007349

18.5 0.000023 0.000423 0.000246

37 0.000006 0.000006 0.000005

92.5 0.000044 0.000237 0.000124

185 0.000007 0.000042 0.000336

370 0.000005 0.000005 0.000006

Table 2. The results of the statistical analysis (post hoc Dunnettís test) used to determine the differences
between TGFβ1, β2, β3 mRNAs expression between control cells (cells untreated with genistein) and cells
treated with genistein in KEL FIB cell cultures.

Genistein The results of post hoc Dunnettís
concentration test presented as p value 

[µM]
TGFββ1 TGFββ2 TGFββ3

0.37 0.000006 0.000005 0.000005

1.85 0.000005 0.000005 0.000005

3.7 0.000006 0.000005 0.000005

18.5 0.000005 0.000005 0.000005

37 0.000005 0.000005 0.000005

92.5 0.000005 0.000005 0.000005

185 0.000005 0.000005 0.000005

370 0.000009 0.000005 0.000005
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number of mRNA per 1 µg of total RNA) (p > 0.05,
Studentís t-test) (Fig. 2).

CTGF mRNA expression in NHDF and KEL FIB

exposed to genistein

Treatment of NHDF cells and KEL FIB cells
with genistein in each applied concentration result-
ed in downregulation of CTGF mRNA expression as
compared with untreated cells in both lines (p =
0.000004, p = 0.001009, respectively; ANOVA)
(Fig. 3). 

Statistical analysis revealed no significant
decrease in CTGF mRNA expression in NHDF cells
exposed to genistein in concentration of 37 µM (p =
0.064446, post hoc Dunnettís test) (Fig. 3) and in
KEL FIB cells exposed to genistein in concentration
370 µM (p = 0.992769, post hoc Dunnettís test)
compared to the respective control cells, only. The
other concentration of genistein showed significant
differences compared to control NHDF cells and
control KEL FIB cells, respectively (Fig. 3). 

CTGF protein expression in NHDF and KEL FIB

exposed to genistein

Statistical analysis revealed no significance
differences between obtained CTGF protein concen-
tration (ng/mL) (Fig. 4a) and CTGF protein concen-
tration recalculated per total amount of protein in the
cell lysates (Fig. 4b) (p > 0.05, Studentís t-test), in
both cells lines (NHDF and KEL FIB). 

The expression of CTGF protein exhibited sig-
nificant differences between normal and keloid
fibroblasts (p = 0.00001, Studentís t-test) and was
about 5 times lower in NHDF cells (3.511 ± 1.046
ng/µL) compared to KEL FIB cells (26.133 ± 2.202
ng/µL).

Exposure of NHDF cells to genistein in each
applied concentration resulted in downregulation of
CTGF protein expression as compared with untreat-
ed NHDF cells (p = 0.0261, ANOVA). Statistical
analysis revealed significant decrease in the CTGF
protein expression in NHDF cells exposed to genis-
tein in concentration 1.85 µM (p = 0.024373, post

Figure 4. Expression of CTGF protein in NHDF cells and KEL FIB cells determined by ELISA. a Comparison of CTGF protein (µg/µL)
between: control normal dermal fibroblasts (NHDF) and control keloid fibroblasts (KEL FIB) (# p < 0.05, Studentís t-test), NHDF control
cells and genistein treated NHDF cells (^ p < 0.05, Dunnettís test) and KEL FIB control cells and genistein treated KEL FIB cells (* p <
0.00001, Dunnettís test). b Comparison of CTGF protein (µg/µL) and CTGF protein (µg/µL) recalculated per µg of total protein (in each
concentration p > 0.05, Student t-test)
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hoc Dunnettís test) and 185 µM (p = 0.040428, post
hoc Dunnettís test), compared to NHDF control
cells (Fig. 4a).

Similarly, genistein treatment of KEL FIB cells
resulted in downregulation of CTGF protein expres-
sion as compared with untreated, control cells (p <
0.0001, ANOVA). Statistical analysis revealed sig-
nificant decrease in the CTGF protein expression in
KEL FIB cells exposed to genistein in each applied
concentration, compared to control cells (Fig. 4a).

TGFββ1, ββ2, ββ3 mRNA isoforms expression in

NHDF cells and KEL FIB exposed to genistein

Treatment of NHDF cells with genistein in
each applied concentration resulted in downregula-
tion of: TGFβ1 mRNA expression (p < 0.000001,
ANOVA) and TGFβ2 mRNA expression (p =
0.041047, ANOVA), as compared with untreated
control cells. Genistein downregulated TGFβ3
mRNA expression in NHDF cells (p < 0.000001,
ANOVA), except for cells treated with 3.7 µM
genistein (7.5 ◊ 104 ± 1.31 ◊ 104 copy number of
mRNA per 1 µg of total RNA) where an increase of
expression was noted, as compared with untreated
control cells (4.00 ◊ 104 ± 7.04 ◊ 103 copy number
of mRNA per 1 µg of total RNA) (Fig. 5a).

Statistical analysis (post hoc Dunnettís test)
revealed significant differences in TGFβ1, β2, β3
mRNAs expression in NHDF cells exposed to vari-
ous concentration of genistein compared to the
untreated control cells (Tab. 1). 

Exposure of KEL FIB cells to genistein in each
applied concentration resulted in downregulation of
TGFβ1 mRNA expression (p < 0.000001,
ANOVA), TGFβ2 mRNA expression (p <
0.000001, ANOVA) and TGFβ3 mRNA expression
(p < 0.000001, ANOVA), as compared with untreat-
ed control cells (Fig. 5b).

Statistical analysis (post hoc Dunnettís test)
revealed significant differences in TGFβ1, β2, β3
mRNA expression in KEL FIB cells exposed to var-
ious concentrations of genistein compared to the
untreated control cells (Tab. 2). 

The effect of soybean genistein on the expression

of selected genes regulating cell cycle in fibrob-

lasts derived from keloids

The basal expression of p53, p21, BAX and BCL-

2 mRNAs in NHDF and KEL FIB cells

The transcriptional activity of all examined
genes was detected in unstimulated (control) NDHF
cells and KEL FIB cells. No marked changes in p53

Figure 5. Expression of TGFβ1, β2, β3 mRNAs in cells treated with genistein determined by real-time PCR a ñ NHDF cells, b ñ KEL FIB
cells
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gene activity were demonstrated in normal fibro-
blast (1.56 ◊ 105 ± 3.71 ◊ 103 copy number of
mRNA per 1 µg of total RNA) and keloid fibroblasts
(1.41 ◊ 105 ± 1.11 ◊ 103 copy number of mRNA per
1 µg of total RNA). (p = 0.516160, Studentís t-test).
Statistical analysis revealed significant reduction in
p21 gene expression (1.05 ◊ 105 ± 1.78 ◊ 104 copy
number of mRNA per 1 µg of total RNA) (p =
0.006554, Studentís t-test), BCL-2 gene expression
(1.42 ◊ 104 ± 3.97 ◊ 103 copy number of mRNA per
1 µg of total RNA) (p = 0.012359, Studentís t-test)
and BAX gene expression (3.80 ◊ 104 ± 2.53 ◊ 104

copy number of mRNA per 1 µg of total RNA) (p =
0.002177, Studentís t-test) in keloid fibroblasts as
compared with normal fibroblast: p21 (CDKN1A)
(1.77 ◊ 105 ± 1.61 ◊ 104 copy number of mRNA per
1 µg of total RNA), BCL-2 (7.19 ◊ 105 ± 2.28 ◊ 104

copy number of mRNA per 1 µg of total RNA),
BAX (7.42 ◊ 105 ± 8.56 ◊ 104 copy number of
mRNA per 1 µg of total RNA) (Fig. 6).

P53 gene expression in NHDF and KEL FIB

exposed to genistein

Treatment of NHDF cells and KEL FIB cells
with genistein in each applied concentration result-
ed in downregulation of p53 mRNA expression as
compared with untreated cells, both lines (p =
0.000014, p = 0.000001, respectively; ANOVA).
Statistical analysis (post hoc Dunnett test) revealed
significant decrease in the p53 mRNAs expression
in NHDF cells exposed to genistein in concentra-
tion: 0.37 µM (p = 0.000011), 3.7 µM (p =
0.001276), 37 µM (p = 0.000036) and 370 µM (p =
0.000042) compared to NHDF control cells.

Figure 6. The native expression of p53, p21, BAX and BCL-2 in NHDF control cells and KEL FIB control cells. * p < 0.05 (comparison
between control NHDF cells and KEL FIB cells)

Figure 7. Expression of p53, p21, BCL-2 and BAX mRNAs in NHDF cells and KEL FIB cells determined by real-time PCR. Comparison
of the copy number of mRNAs per 1 µg of total RNA: a p53, b p21, c BCL-2, d BAX (*p < 0.05 NHDF cells treated with various genis-
tein concentration vs. control NHDF cells; #p < 0.05 KEL FIB cells treated with various genistein concentration vs. control KEL FIB cells)
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Genistein in concentrations: 0.37 µM (p = 000005,
Dunnettís test), 3.7 µM (p = 000005, Dunnettís test),
37 µM (p = 000005, Dunnettís test) and 370 µM (p
= 0.000019, Dunnettís test) downregulated constitu-
tive transcriptional activity of p53 gene in KEL FIB
cells (Fig. 7a). 

P21 gene expression in NHDF and KEL FIB

exposed to genistein

Exposure of NHDF cells and KEL FIB cells to
genistein in each applied concentration resulted in
downregulation of p21 mRNA expression as com-
pared with untreated cells, both lines (p = 0.000002,
p = 0.000001, respectively; ANOVA). Statistical
analysis (post hoc Dunnett test) revealed significant
decrease in the p21 mRNAs expression both in
NHDF cells exposed to genistein in concentration:
0.37 µM (p = 0.000006), 3.7 µM (p = 0.000014), 37
µM (p = 0.000006) and KEL FIB cell exposed to
genistein at the same concentration (p = 0.000005),
(p = 0.000005), (p = 0.000006), respectively.
Genistein in 370 µM concentration decreased
expression of p21 mRNA in NHDF cells (p =
0.000069) compared to the NHDF control cells.
Genistein in 370 µM concentration induced opposite
effect in keloid fibroblasts cultured in vitro, where
was noted increase of p21 expression (1.01 ◊ 105 ±
1.22 ◊ 104 copy number of mRNA per 1 µg of total
RNA) in comparison to control KEL FIB cells (1.05
◊ 105 ± 1.78 ◊ 104 copy number of mRNA per 1 µg
of total RNA). Nevertheless, no statistically signifi-
cant differences were revealed (p > 0.05, Dunnettís
test) (Fig. 7b). 

BCL-2 gene expression in NHDF and KEL FIB

exposed to genistein

Exposure of NHDF cells to genistein in the
concentration: 0.37, 3.7, 37 and 370 µM changed

expression of BCL-2 gene in normal dermal fibrob-
last (p = 0.000003, ANOVA) and in keloid fibrob-
lasts (p = 0.000002, ANOVA). The expression of
BCL-2 revealed similar quantity in cells treated with
0.37 µM (1.72 ◊ 105 ± 3.32 ◊ 104) and 37 µM genis-
tein (1.71 ◊ 105 ± 3.41 ◊ 104) to control cells (7.19 ◊
105 ± 2.28 ◊ 104) (p > 0.05, Dunnettís test). The
expression of BCL-2 was significantly lower in cells
treated with 3.7 µM genistein (2.06 ◊ 104 ± 8.28 ◊
103) and 370 µM genistein (2.43 ◊ 103 ± 3.75 ◊ 102

copy number of mRNA per 1 µg of total RNA) com-
pared to control NHDF cells (p = 0.025015, p =
0.00024, respectively; post hoc Dunnettís test).
Expression of BCL-2 revealed similar quantity in
cells treated with 370 µM genistein (1.05 ◊ 104 ±
1.20 ◊ 103) compared to control KEL FIB cells (p >
0.05, Dunnettís test). Treatment of KEL FIB cells
with 0.37, 3.7 and 370 µM genistein resulted in sig-
nificant decrease (post hoc Dunnettís test) in BCL-2
expression in comparison to control KEL FIB cells
(p = 0.042235, p = 0.000012, p = 0.00007, respec-
tively) (Fig. 7c).

BAX gene expression in NHDF and KEL FIB

exposed to genistein

Treatment of NHDF cells and KEL FIB cells
with genistein in each applied concentration result-
ed in downregulation of BAX mRNA expression as
compared with untreated cells, both lines (p =
0.000001, p = 0.000006, respectively; ANOVA).
The expression of BAX in NHDF cells was signifi-
cantly lower in cells treated with 0.37 µM genistein
(6.60 ◊ 104 ± 1.94 ◊ 104), 3.7 µM genistein (3.19 ◊
105 ± 4.64 ◊ 104), 37 µM genistein (6.60 ◊ 104 ± 1.94
◊ 104) and 370 µM genistein (1.13 ◊ 105 ± 1.22 ◊ 104

copy number of mRNA per 1 µg of total RNA) com-
pared to control NHDF cells (p = 0.000005, p =
0.000482, p = 0.000006, p = 0.000005, respectively;

Table 3. BAX/BCL-2 ratio for mRNA levels in normal fibroblasts (NHDF line) and fibroblast derived from
keloid (KEL FIB) treated with genistein *p < 0.05 NHDF cells treated with various genistein concentration vs.
control NHDF cells; #p < 0.05 KEL FIB cells treated with various genistein concentration vs. control KEL FIB
cells.

Genistein BAX/BCL-2 mRNA

concentration ratio

[µM]
NHDF KEL FIB 

0 10.31 ± 3.76 26.67 ± 6.40  

0.37 0.38 ± 0.07 * 2.00 ± 0.22 #  

3.7 15.48 ± 5.60 0.58 ± 0.07 #  

37 0.66 ± 0.04 * 2.00 ± 0.09 #  

370 25.76 ± 2.15 * 27.04 ± 1.89 
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post hoc Dunnettís test).The expression of BAX in
KEL FIB cells was significantly lower in cells treat-
ed with 0.37 µM genistein (6.04 ◊ 104 ± 1.26 ◊ 104),
3.7 µM genistein (1.15 ◊ 105 ± 8.15 ◊ 103) and 37
µM genistein (1.79 ◊ 105 ± 7.73 ◊ 104) compared to
control KEL FIB cells (p = 0.000008, p = 0.000145,
p = 0.002822, respectively; post hoc Dunnettís test).
Although, expression of BAX gene was lower in
cells treated with 370 µM genistein (6.26 ◊ 104 ±
8.07 ◊ 103) compared to control KEL FIB cells, sta-
tistical analysis revealed no significant differences
(p > 0.05, Dunnettís test) (Fig. 7d).

Proapoptotic ratio BAX/BCL-2 in normal and

keloid fibroblasts 

The BAX/BCL-2 ratio determines cell suscep-
tibility to apoptosis. The BAX/BCL-2 mRNA ratio
was determined based on real time RT-PCR results
(Tab. 3). 

Statistical analysis revealed significant
increase in BAX/BCL-2 mRNA ratio in control
fibroblasts derived from keloid (p = 0.03621,
Studentís t-test) compared to control normal fibrob-
lasts. Treatment of NHDF cells with genistein
resulted in statistically significant decrease of
BAX/BCL-2 ratio in cells treated with 0.37, 37 and
370 µM genistein (p = 0.003651, p = 0.004211, p =
0.002644, respectively; Dunnettís test). No marked
changes in BAX/BCL-2 mRNA ratio were demon-
strated with 3.7 µM genistein stimulated cells (p >
0.05; Dunnettís test). 

Keloid fibroblasts exposed to 0.37, 3.7 and 37
µM genistein revealed significant decrease of
BAX/BCL-2 mRNA ratio compared to control KEL
FIB cells (p = 0.000211, p = 0.000055, p =
0.000200, respectively; Dunnettís test). Keloid
fibroblast exposed to 370 µM genistein revealed no
differences in BAX/BCL-2 mRNA ratio in compar-
ison to control fibroblast derived from keloids (p >
0.05; Dunnettís test). 

DISCUSSION

Keloids are abnormal wound responses in pre-
disposed individuals and represent a connective tis-
sue response to skin injury. Treatment of keloids
includes surgical, pharmacological and physical
methods. Each of these methods can be applied as
monotherapy, but combining them gives better
results. Moreover, various modalities of therapy
may be applied, but none of them has been proved
entirely successful (55, 56). Keloids are abnormal
cutaneous fibroproliferative disorders which grow
beyond the confines of the original wound, invading

the normal surrounding skin and they rarely regress
over time (1, 6, 55). Cutaneous fibroproliferative
disorders other than keloids include systemic sclero-
sis and hypertrophic scars (56, 57) and CTGF is
their effective marker (57). Moreover, expression of
CTGF in keloid fibroblast is dependent on fibroblast
location and is more concentrated in keloid fibrob-
lasts at the expanding invasive border of the keloid
scar (6, 58). In the study, the keloid fibroblast cul-
ture revealed an increase of CTGF mRNA and an
increase of CTGF protein expression compared to
normal fibroblast confirming contribution of CTGF
in keloid fibroblast pathology. 

CTGF is up-regulated at the transcriptional
level by a number of specific factors such as TGFβ
and endothelin-1 (ET-1) or nonspecific factor
(mechanicals stress, hypoxia) (16ñ19, 37, 57).
Several studies describe the role of TGFβ in keloids
and hypertrophic scars. CTGF expression increased
more than 100-fold after stimulation with TGFβ1
and more than 75-fold after the addition of TGFβ2
and TGF-β3 (10).

TGFβ1 stimulation induces collagen synthesis
in keloid and hypertrophic scar fibroblasts, but
TGFβ1 upregulation alone seems not to be sufficient
for excessive scarring (59, 60). In animal models,
TGFβ2 induces cell proliferation and collagen pro-
duction in scars (61, 62). The role of TGFβ3 in
wound healing and pathological scarring is not fully
understood, but TGF-β3 is both scar inducing and
scar reducing in animals (63).

Our data revealed increased expression of
TGFβ1 mRNA in keloid fibroblasts compared to
normal dermal fibroblast, confirming results from
other studies (64, 65). Lee et al. (64) describe
increased TGF-β2 protein expression in keloid
derived fibroblasts compared to normal skin fibro-
blasts. They did not define the biopsy site from
which the fibroblasts were harvested and the time
points for analysis of mRNA and protein expression
may diverge. Our data reveal a decrease (no statisti-
cal significance) of TGFβ2 mRNA expression in
keloids fibroblast compared to normal dermal
fibroblasts, confirming Seiferts results (66). The
study revealed increased expression of TGFβ3
mRNA in keloid fibroblasts compared to normal
dermal fibroblast, in contrast to Leeís et al. study
which revealed no difference between keloid
derived fibroblasts and normal human skin fibrob-
lasts. Seifert results revealed significantly decreased
expression of TGFβ3 mRNA in keloids compared to
hypertrophic scars to control skin (66).

Our study seems to confirm the thesis that the
increased expression of CTGF by keloid fibroblasts
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could be a response to TGFβ1 stimulation. The
TGFβ signal is mediated by SMADs intracellular
proteins. Changes in this signaling pathway regulate
TGFβ expression and induce gene expression in the
cell. The SMAD signaling pathway is crucial for
simultaneous activation of several collagen genes by
TGFβ and other ECM-related genes are identified as
gene targets downstream of TGFβ (67). Moreover,
functional Smad element resides within the CTGF
promoter (68). However, the ability of TGFβ to
fully induce the CTGF promoter and protein also
requires protein kinase C and the ras/MEK/ERK
MAP kinase cascade (69, 70).

Inhibitors of CTGF expression may be used as
anti-fibrotic therapies (71) via TGFβ-dependent or
TGFβ-independent mechanism. Inhibitors of TGFβ
or endothelin receptors may be used to reduce CTGF
expression in skin fibroproliferative disease such as
scleroderma (72, 73). Ilprost, synthetic prostacyclin
and 9-cis-retinoic acid reduced CTGF expression in
scleroderma fibroblasts (74). One of the mechanisms
of ilprostís action is antagonizing MEK/ERK signal-
ing (75). U0126 is a highly selective inhibitor of both
MEK1 and MEK2, a type of MAPK/ERK kinase, it
reduces CTGF (CCN2) expression in response to
TGFβ and ET-1 in scleroderma fibroblasts as well as
constitutive over-expression of CTGF in the pancre-
atic cancer cell line (76). TNFα suppresses TGFβ-
induced gene expression in fibroblasts but has no
appreciable effect on the constitutive CTGF expres-
sion in scleroderma fibroblasts (77). Caffeine also
reduces TGFβ-induced CTGF expression in hepato-
cytes by blocking Smad activation (78). Many in
vitro, epidemiological and animal model studies
proved application of genistein in the prophylaxis
and treatment of i.a., menopause, cancer, cardiovas-
cular disease and cystic fibrosis (79). Recent studies
are focused on application of this natural isoflavone
in fibroproliferative diseases. The results of the study
revealed that genistein decreased mRNA and protein
expression of CTGF in keloid fibroblast in a concen-
tration-dependent manner. Moreover, genistein
decreases TGFβ1, β2 and β3 genes expression
(mRNA level) in keloid fibroblast. Han et al. (80)
showed that genistein can effectively inhibit TGFβ1-
induced invasion and metastasis in pancreatic cancer
cell line Panc-1 and could partly suppress the expres-
sion of CTGF gene and its protein stimulated TGFβ1
in rat renal mesangial cells and probably decreases
the accumulation of extracellular matrix (ECM) and
has the potential ability of anti-fibrosis (81). 

Keloid derived fibroblasts have a greater pro-
liferative capacity than normal dermal fibroblasts
(21, 82). Furthermore, the proliferation profile of

fibroblasts in keloid in vivo has been properly docu-
mented (83) and clearly demonstrated differences in
the proliferation of cells between the center and the
edge of the lesion. Besides, proliferation, apoptosis,
and necrosis occur simultaneously in keloids and
these processes are distinctly compartmentalized,
too. When keloid matures, apoptosis and necrosis
result in selective removal of certain cellular popu-
lations resulting in the characteristic avascular
fibrotic collagenous lesion, whereas proliferation of
fibroblasts in the keloid dermis propagates the fibro-
sis (21). Moreover, keloid fibroblasts fail to undergo
apoptosis and thus, continue to produce and secrete
extracellular matrix components (20). 

The induction of apoptosis is partly mediated,
intracellularly, by several genes, such as p53, BCL-
2, BAX, and p21. The p53 tumor suppressor gene is
a cell cycle regulator able to induce cell cycle arrest
to allow DNA repair or apoptosis. p21 is activated
by the p53 protein, and an increased level of p21 is
associated in cyclin-containing complexes with
decreasing cyclin-dependent activity in damaged
cells destined to apoptosis. BCL-2 functions as a
suppressor of apoptotic death triggered by a variety
of signals, and is negatively regulated by wild type
p53. BCL-2 overexpression has been shown to
inhibit apoptosis induced by a variety of stimuli,
whereas, a predominance of BAX over BCL-2
accelerates apoptosis upon apoptotic stimuli (84).
The aim of the study was to evaluate the influence of
genistein on transcriptional activity of genes encod-
ing p53, p21, BCL-2 and BAX in keloid fibroblasts.
Results of the study reveal no marked changes in
p53 gene expression between normal dermal fibrob-
last and fibroblast derived from keloid and marked
decrease of p21 gene expression in keloid fibroblast
compared to normal fibroblasts. De Felice et al.
found that in keloid fibroblasts a p53 (TP53) under
expression, due to the sequence mutations, in con-
cert with ∆Np63 (an isoform of the p63 gene) acti-
vation, is central in the mechanism involved in
keloid proliferation (85). 

In the study, exposure of NHDF cells and KEL
FIB cells to genistein in each applied concentration
resulted in downregulation of p53 mRNA and p21
expression as compared with untreated cells, both
lines. The effects of genistein may depend on the lev-
els of endogenous p53 in the cells. p53 is known to
induce DNA repair enzymes, and cells containing
wildtype p53 may have repair of the DNA damage
caused by genistein treatment. Tumor cells, either
deficient in p53 or with very low doses of it, replicate
through the damage and are more susceptible to
genistein effects (34). The obtained results may indi-
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cate that fibroblast derived from keloid compartment
where cells proliferation and apoptosis were bal-
anced, and keloid fibroblast not existed as malignant
cells. Besides, in normal cells p53 is found at very
low levels (86). The increase in the level of active p53
protein leads to an inhibition of entry into S-phase or
the induction of apoptosis. Genistein has been identi-
fied as a protein tyrosine kinases (PTKs) inhibitor,
which play a key role in oncogenesis, control of cell
growth and apoptosis, therefore genistein is a potent
inhibitor of cell proliferation, oncogenesis and clono-
genic ability in animal and human cells (84). 

P21 expression is usually controlled at the tran-
scriptional level by both p53-dependent and p533-
independent mechanisms. Cells lacking p21 appear
to undergo apoptosis normally. The results of the
study (decrease of p21 gene expression in cells KEL
FIB cells and NHDF cells treated with genistein) are
contrary to Upadhyay et al. results (87), which
revealed that p21 is up-regulated by genistein treat-
ment, and greatly induced at RNA and protein lev-
els in normal breast epithelial cells, whereas its level
was only slightly induced in malignant MDA-MB-
231 breast epithelial cells and not detectable in
malignant MCF10CA1a breast epithelial cells.
Therefore, p21 is responsible for differential sensi-
tivity of genistein among these cell lines (87). Li et
al. revealed up-regulation of p21 and BAX expres-
sions and down- regulation of p53 and BCL-2
expression in genistein-treated breast cancer cells
MDA-MB-231 (84).

BAX and BCL-2 have been reported to play a
major role in determining whether cells will under-
go apoptosis under experimental conditions that pro-
mote cell death. Increased expression of BAX can
induce apoptosis, while BCL-2 protects cells from
apoptosis. Ratio of BAX/BCL-2 is important for the
survival of drug-induced apoptosis in leukemia cell
lines (84, 88). The study revealed significant reduc-
tion in BCL-2 and BAX genes expression in keloid
fibroblasts as compared with normal fibroblast.
Moreover, treatment of NHDF cells and KEL FIB
cells with genistein in each applied concentration
resulted in downregulation of BAX mRNA expres-
sion as compared with untreated cells, both lines.
Expression of BCL-2 was dependent of genistein
concentration. Genistein decreases BAX/BCL-2
ratio both, in normal fibroblast and keloid fibroblast,
which may indicate its structural similarity to 17β-
estradiol. 

Genistein and 17β-estradiol may act by
increasing the expression of BCL-2 and decreasing
the expression of BAX, resulting in a protective
effect (89). This protective effect may also come

from the stimulation of estrogen receptor β, which
activates the estrogen response element of the BCL-
2 gene, and then increases transcription and transla-
tion to upregulate the expression of BCL-2 (90).

CONCLUSION 

Summarizing the results of the study, genistein
in vitro suppresses the expression of CTGF mRNA
and CTGF protein probably in TGFβ-dependent
mechanism in keloid fibroblasts but its potential
application as a antifibrotic factor in keloids treat-
ment requires further research. 

Genistein does not induce the p53 and p21
genes expression, therefore it seems that it does not
induce apoptosis in monoculture of keloids fibrob-
last. Genistein revealed cytoprotective effect stimu-
lating BCL-2 gene expression in fibroblasts derived
from keloids.
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The loss of cell proliferation control is one of
the major features of malignancy. Proliferation rate
serves as a useful prognostic factor for tumor cells
survival and response to treatment with anticancer
drugs (1) and it can be expressed as the fraction of
cells residing in the S-phase (2). There are a few
methods for detecting proliferating cells including
flow cytometry, immunostaining of cell cycle-
restricted proteins like proliferating cell nuclear
antigen (PCNA) and Ki-67, and incorporation of
thymidine analogues or bromodeoxyuridine (BrdU)
into DNA (1). Proliferating cells can also be distin-
guished from postmitotic cells by the detection of
RNAs expressed differentially during cell cycle (3).
Cyclin D1 and histone H3 mRNA genes are the ones
expressed in a cell-cycle related pattern.

Histone H3 is a part of the nucleosome, the
fundamental repeating unit of chromatin (4). There
are two classes of histone H3 proteins ñ first that is
produced concomitantly with S-phase DNA synthe-

sis and the second produced independently of DNA
synthesis. Genes encoding the first class of H3 are
called canonical H3 genes. Their products are either
H3.1 or H3.2 protein variants, which harbor cysteine
or serine at position 96. Cells residing outside the S-
phase also need newly synthesized histones, which
involves production of the H3.3 variant (5). Histone
mRNA metabolism is tightly coupled to cell cycle
progression. As cells progress from G1 to S-phase,
the rate of histone gene transcription and histone
pre-mRNA processing increases resulting in a 35-
fold increase in histone mRNA level. After the S-
phase histone mRNA level rapidly decrease (6). In
several studies it was found out histone H3 mRNA
to be a reliable and accurate marker of S-phase cells
in both normal and tumor human tissues (1, 2,
7ñ11).

Cyclin D1 (CCND1), forming complexes with
cyclin dependent kinases CDK4 and CDK6, func-
tions as a regulator of G1 to S-phase progression.

INFLUENCE OF INOSITOL HEXAPHOSPHATE ON THE EXPRESSION 
OF SELECTED PROLIFERATION MARKERS IN IL-1β-STIMULATED
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Abstract: The aim of the present study was to examine the influence of IP6, a naturally occurring phytochem-
ical, on the expression of genes coding for proliferation markers, i.e., cyclin D1 (CCND1) and histone H3 in
IL-1β-stimulated intestinal cancer cell line Caco-2. Quantification of genes expression was carried out using
real time RT-QPCR technique in Caco-2 cells after treatment with IL-1β, 1 and 2.5 mM of IP6 for 3, 6 and 12
h. In separate cultures, cells were incubated with IL-1β for the indicated times. The untreated Caco-2 cells were
used as the control. In a time course experiment, stimulation of cells with IL-1β only resulted in an overex-
pression of both CCND1 and histone H3 mRNAs as compared with control. IP6 had no influence on IL-1β-
stimulated CCND1 expression for 3 and 6 h. After 12 h, statistically significant decrease in CCND1 mRNA was
observed in cells exposed to IL-1β and IP6 (1 and 2.5 mM) in relation to cells treated with IL-1β only. The lev-
els of H3 mRNA in IL-1β-stimulated cells and cells treated with IL-1β and IP6 revealed no statistically signif-
icant differences after 3 h. IP6 at 1 and 2.5 mM enhanced IL1β-stimulated transcription of H3 gene after 6 h.
Subsequently (12 h), the combination of IP6 and IL-1β decreased H3 mRNA level compared to IL1β-treated
cells. In conclusion, pro-inflammatory cytokine IL-1β up-regulates CCND1 and histone H3 mRNAs expression
in Caco-2 cells. These results suggest that the ability of IP6 to inhibit colon cancer cells proliferation may be
mediated through downregulation of genes encoding cyclin D1 and histone H3 at the mRNA level.
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Control of this stage is a crucial checkpoint for the
cell fate (12). CCND1 accumulation begins in G1-
phase and acquires the highest level during G1/S-
phase transition. In the S-phase CCND1 nuclear
level rapidly declines due to its increased turnover
and relocation to the cytoplasm (13). Induction of its
expression results from stimulatory influence of
extracellular mitogens, such as growth factors,
cytokines and hormones (14). Thus, cyclin D1 over-
expression and nuclear accumulation is implicated
in many cancers (11, 15, 16) and is associated with
increased cell proliferation (17).

Chronic inflammation has been linked to the
pathogenesis of tumors in up to 15% of human can-
cers (18). One of the most prevalent relationship
between inflammation and cancer is inflammatory
bowel disease associated colorectal cancer. Tumor
growth is contributed by various cytokines and
chemokines produced by immune cells (19).
Interleukin-1β plays a central role in the pathogene-
sis of inflammatory bowel disease and experimental
intestinal inflammation. It is upregulated in many
cancer types, as it has strong impact on the expres-
sion of growth and transcription factors, prolifera-
tive and angiogenic proteins and adhesion molecules
(18).

Several naturally occurring compounds are
known to have antiproliferative effects on cancer
cells. One of them is inositol hexaphosphate, an
abundant intrinsic component of high fiber diets,
such as cereals, grains, seeds and legumes (20). Its
antiproliferative action was established in in vitro
and in vivo models of various neoplasms such as
colon, prostate, pancreatic and breast cancer
(21ñ26).

The aim of the present study was to examine
the influence of IP6 on the expression of genes cod-
ing for proliferation markers, i.e., CCND1 and his-
tone H3 in IL-1β-stimulated intestinal cell line
Caco-2.

EXPERIMENTAL

Cell culture and cell stimulation assays

The Caco-2 human intestinal epithelial cells
(DSMZ, Braunschweig, Germany) were cultured in
RPMI 1640 medium (Sigma Aldrich) supplemented
with 10% fetal bovine serum (GibcoBRL), 100
U/mL penicillin and 100 µg/mL streptomycin (both
from Sigma Aldrich) and 10 mM HEPES
(GibcoBRL). They were maintained at 37OC in a 5%
CO2 atmosphere. Cells were seeded into six-well
plates (Nunc International) at a density of 4.5 × 105

per well and allowed to grow to confluency in 3 mL

of medium. After three days, the culture media were
changed to media with 2% FBS and cells were then
cultured for 2 days. They were then stimulated with
1 ng/mL IL-1β (Sigma Aldrich) for 30 min.
Afterwards, cells were treated with 1 and 2.5 mM
IP6 as dipotassium salt (dissolved in distilled water
and adjusted to pH 7.4) (Sigma Aldrich) for 3, 6 and
12 h. In separate cultures, cells were incubated with
1 ng/mL IL-1β for the indicated times. The untreat-
ed Caco-2 cells were used as the control.

Real-time RT-QPCR assay

Total RNA was extracted from cells using
TRIzol reagent (Invitrogen) and was treated with
DNase-I (Fermentas) to remove DNA contamina-
tion. RNA concentration was determined spec-
trophotometrically on the basis of absorbance values
at a wavelength of 260 nm using a GeneQuant pro
spectrophotometer (Amersham Biosciences). The
expression of genes encoding CCND1 and histone
H3 was detected using a real-time RT-QPCR tech-
nique with a SYBR Green chemistry (SYBR Green
Quantitect RT-PCR Kit, Qiagen) and Opticonô
DNA Engine Continuous Fluorescence detector (MJ
Research). Oligonucleotide primers specific for
CCND1 and H3 were previously described (11).
The thermal profile for one-step RT-PCR was as fol-
lows: 50OC for 30 min for reverse transcription and
95OC for 15 min followed by 45 cycles at 94OC for
15 s, 55OC for 30 s and 72OC for 45 s for amplifica-
tion. Specificity of RT-PCR reaction was confirmed
by determining the characteristic temperature of
melting for all amplimers. Each gene analysis was
performed in triplicate. The mRNA copy numbers
of examined genes were determined on the basis of
the commercially available standard of β-actin
(TaqMan DNA Template Reagent Kit, Applied
Biosystems). The obtained results of mRNA copy
number were recalculated per mg of total RNA. The
expression level of genes in cultured cells was
expressed as the fold change relative to the control.
The value of fold change > 1 reflects increased
expression of the target gene, and a value of fold
change < 1 points to a decrease in the gene expres-
sion. 

Statistical analysis

The results were collected from three inde-
pendent experiments. Statistical analysis was per-
formed with the use of Statistica PL 10.0 software.
All the results are expressed as the means ± SD.
Comparison of two data sets was performed by
unpaired t-test. Comparison of more than two data
sets was performed by one-way ANOVA followed
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by post-hoc Tukey test. Significance level was
assumed for p < 0.05.

RESULTS

Stimulation of Caco-2 with 1 ng/mL of IL-1β
for 3ñ12 h resulted in an upregulation of CCND1

(Fig. 1A) and histone H3 (Fig. 2A) genes as com-
pared with untreated cells (p < 0.05). In a time
course experiment, the level of CCND1 mRNA in
IL-1β-stimulated cultures remained relatively con-
stant (p = 0.171) (Fig. 1A). Comparative analysis of
H3 transcripts revealed statistically significantly
diverse amounts in the cells treated with IL-1β for 3,

Figure 1. Expression of CCND1 gene in Caco-2 cells as determined by real-time RT-PCR. Changes in CCND1 mRNA expression in Caco-
2 cells after treatment with A) IL-1β and B) IL-1β and 1 and 2,5 mM IP6 for 3, 6 and 12 h. The results are presented as the mean ± SD of
three separate experiments; *p < 0.05 vs. control Caco-2 cells; #p < 0.05 vs. IL-1β-stimulated cells)
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6 and 12 h (p = 0.022) (Fig. 2A). The highest level
of this gene expression was determined in 3 h last-
ing cultures and subsequently the quantities of H3
mRNA were down-regulated within 3ñ12 h. 

IP6 had no influence on IL-1β-stimulated
CCND1 expression for both 3 and 6 h (p > 0.05).

After 12 h, statistically significant decrease in
CCND1 mRNA was observed in cells exposed to
IL-1β and IP6 (1 and 2.5 mM) in relation to cells
treated with IL-1β only (p < 0.05) (Fig. 1B). 

The levels of H3 mRNA in IL-1β-stimulated
cells and cells treated with IL-1β and IP6 revealed

Figure 2. Expression of histone H3 gene in Caco-2 cells as determined by real-time RT-PCR. Changes in H3 mRNA expression in Caco-
2 cells after treatment with A) IL-1β and B) IL-1β and 1 and 2,5 mM IP6 for 3, 6 and 12 h. The results are presented as the mean ± SD of
three separate experiments; *p < 0.05 vs. control Caco-2 cells; #p < 0.05 vs. IL-1β-stimulated cells)
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no statistically significant differences after 3 h. IP6
at a concentration of both 1 (p < 0.001) and 2.5 mM
(p = 0.003) enhanced IL1β-stimulated transcription
of H3 gene after 6 h and the stronger stimulatory
effect was manifested by IP6 at lower concentration
(1 mM). In longer-lasting cultures (12 h), transcrip-
tional activity of this gene was suppressed about 2-
fold by IP6 in a dose-independent manner in cells
treated with IL-1β/IP6 as compared to those chal-
lenged with IL-1β alone (p < 0.05) (Fig. 2B). 

DISCUSSION AND CONCLUSION

In the present study, the effect of IP6 on the
expression of CCND1 and histone H3 genes in IL-
1β-stimulated colon cancer cell line Caco-2 was
evaluated. Colorectal cancer is one of the major
causes of morbidity and mortality throughout the
world, and its occurrence is frequently preceded by
chronic inflammation. Several factors that are
engaged in inflammatory response are also associat-
ed with increased proliferation of cells. Pro-inflam-
matory cytokines (INF-γ, TNF-α, IL-1 or IL-6) pro-
duced and secreted by macrophages, mast cells and
neutrophils, may act as initiators and promoters of
carcinogenesis by directly increasing the prolifera-
tion of epithelial cells (27). Our studies revealed that
IL-1β induces transcription of both cyclin D1 and
histone H3 genes in colon cancer cells. It is note-
worthy that impact of this pro-inflammatory
cytokine on histone H3 gene is most prominent for
short-time incubation and diminishes in a time-
dependent manner. The fact that both genes are
known as proliferation markers indicates that IL-1
enhances cell proliferation. The exact mechanisms
by which IL-1 promotes tumor growth is unclear,
though it is known to contribute to activation of NF-
κB and AP1 transcription factors (19). Both factors
could be considered as mediators linking inflamma-
tion and cancer. These transcription factors have
binding sequences in the promoter region of cyclin
D1 gene (28). The results of the present study clear-
ly support the connection between inflammation and
enhanced proliferation. 

According to Liao et al. (29), hyperprolifera-
tion under long-term chronic inflammation status is
a critical condition in carcinogenesis and inhibition
of uncontrolled cell proliferation is important for the
prevention of carcinoma development. Moreover,
they suggested that inhibition of both cell prolifera-
tion and inflammatory activity is crucial for the
development of an efficient strategy to prevent coli-
tis associated carcinogenesis. Inositol hexaphos-
phate is one of such agents that exhibit the

immunomodulatory action and inhibit cell prolifera-
tion. Numerous reports indicate that anti-prolifera-
tive effect of IP6 is associated with cell growth inhi-
bition and cell cycle progression halt, modulation of
cell cycle regulators expression and cyclin-depend-
ent kinases activation. Schrˆterov· et al. (26) under-
line a more universal nature of IP6 since it has
shown a similar inhibitory effect in many cell types
including human colon cancer cell lines HT-29,
SW-480, SW-620, breast cancer cell lines MCF-7
and MDA-MB231, prostate carcionoma cell lines
PC-3, TRAMP-C1 and DU145. 

El-Sherbiny et al. (21) found that in MCF-7
and MDA-MB 231 and HT-29 cells IP6 controls the
progression of cells through the cycle by decreasing
S-phase and arresting cells in the G0/G1-phase.
Moreover, they observed a significant decrease in
the expression of proliferation markers Ki-67 and
PCNA in IP6-treated cells. The results of Singh et
al. (22) indicated a significant dose- as well as time-
dependent growth inhibition in IP6-treated prostate
carcinoma DU145 cells, which was associated with
an increase in G1 arrest. IP6 strongly enhanced the
expression of cyclin-dependent kinase inhibitors
(CDKIs), Cip1/P21 and Kip1/P27, and inhibited
kinase activities associated with CDK 2, 4 and 6,
and cyclin E and D1. Similarly, the growth inhibito-
ry effect of IP6 and associated mechanisms have
been investigated in human prostate carcinoma
LNCaP cells. IP6 treatment of cells resulted in a
strong growth inhibition and an increase in G1 cell
population. IP6 caused an increase in CDKIs (P21
and P27) levels, together with a decrease in cyclin-
dependent kinase (CDK4) and cyclin D1 protein
levels (30). The immunohistochemical studies by
Gu et al. (31) showed significant reduction of the
expression of cyclin D1 and proliferating cell
nuclear antigen by IP6 in prostate PC-3 cells.
Vucenik et al. (23) hypothesized that IP6 modulates
cell cycle by interacting with cytoplasmic signaling
molecules based on the observation of blockage of
proliferation of MCF-7 cells through an increase in
the expression of anti-proliferative PKCδ.
Furthermore, an in vitro administration of IP6 at
doses of 0.5, 1.0, and 5.0 mM for 24 and 72 h to
human pancreatic adenocarcinoma cells (MIA-
PACA and PANC1) significantly reduced their pro-
liferation (24). The cDNA microarray analysis
demonstrated more than 2-fold down-expression of
genes encoding cyclin H and PCNA in human
leukaemic K562 cells treated with 5 mM IP6 for 24
h (32). 

Several studies have also evaluated the role of
IP6 in colon cancer cells proliferation. Tian et al.
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(25) proved a potent inhibitory effect of IP6 on
growth of HT-29 cells by modulating the expression
of key cell cycle regulators. According to the
authors, this compound reduced proliferation rate of
cells and PCNA expression together with increasing
the expression of P21 protein. Likewise, the results
of Schrˆterov· et al. (26) research indicated that IP6
at doses of 0.2ñ5 mM markedly inhibited DNA syn-
thesis in cell lines HT-29, SW-480 and SW-620
derived from colorectal carcinoma. Our previous
experiments, based on cellular DNA content deter-
mination, have also shown that IP6 at 5 mM inhibit-
ed the growth of colon cancer HT-29 and Caco-2
cells (33). Moreover, it stimulated P21 expression at
the mRNA level in HT-29 cells, with the highest
increase in P21 mRNA occurring at 24 h (34). 

Currently, we investigated the influence of IP6
at a concentration of 1 and 2.5 mM on the expres-
sion of cyclin D1 and histone H3 at the transcription
level in proliferating Caco-2 cells under inflamma-
tory conditions. The results indicated that IP6
altered the transcriptional activity of CCND1 and
H3 genes in time-dependent manner. We observed
that 6 h incubation of Caco-2 with IP6 enhanced the
level of H3 mRNA stimulated by IL-1β. This was
inversely correlated with IP6 concentration. The
longer treatment times with IP6 (12 h), independ-
ently of its concentration caused significant down-
regulation in the expression of both CCND1 and his-
tone H3 genes. 

These results confirm previously published by
us and others data that IP6, a dietary agent, possess-
es anti-proliferative efficacy against many cancer
cell types including colon cancer cells. Based on
these studies it may be concluded that the ability of
IP6 to inhibit colon cancer cells proliferation may be
mediated through down-regulation of genes encod-
ing cyclin D1 and histone H3 at the mRNA level.
Suppressive effect of IP6 on the CCND1 and histone
H3 expression may be associated with cell arrest in
G1-phase, decreasing the amount of cells in S-phase
of the cell cycle and DNA content.
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The majority of the biomolecules which are
crucial for living systems are chiral e.g., amino acids,
proteins, nucleic acids, sugars, isoprenoids etc. The
interesting feature is that in the Nature in most cases
there is existing only one of the two possible enan-
tiomeric forms. Therefore, in the enantiospecific
environment of biomolecules, for many of therapeu-
tics, their enantiomers can provide diversified selec-
tivity for their biological targets, different therapeu-
tic indices, and/or pharmacokinetics. There are no
doubts that the stereoselective pharmacokinetics and
pharmacodynamics of chiral drugs has wide ranging
implications in practical therapeutics, health care and
pharmacy. According to the guidelines on the devel-
opment of chiral drugs, presented by European
Union (EU) in 1994 in a document entitled
Investigation of Chiral Active Substances (1), it is
recommended to recognize the occurrence of chiral-
ity in new drugs, attempts to separate the stereoiso-
mers, assessed the contribution of the various
stereoisomers to the activity of interest and finally
made a rational selection of the stereoisomeric form
that is proposed for marketing (2). 

Even more complex relations are observed
between living system and diastereomeric pharma-
ceutically active compounds (3). For the peptides,

peptoids or other complex molecules prepared by
condensation of a number of the chiral building
blocks, the accurate composition of stereochemistry
of all components is crucial factor determining
activity, resistance to enzymatic degradation and all
other pharmacological features and attributes.
Therefore, ready access to a whole range of chiral
building blocks is essential to acquire full profits
from the systematic exploration of a structural diver-
sity of such molecules. 

In the search based on application methods of
combinatorial chemistry and high throughput
screening, the classical approach based on asym-
metric synthesis or resolution of a racemic precursor
seems to be non-optimal because most substrates are
used in small amounts, in single experiments only
and usually they are discarded after a preliminary
selection procedure as not promising. More advan-
tageous and less time-consuming would be evaluat-
ed an alternative approach based on the enantiodif-
ferentiating transformation of racemic substrates,
which are usually more easily available than enan-
tiomerically pure equivalents. Such an approach
would be considered particularly attractive for
incorporation of non coded chiral amino acids into
the peptide chain. 

SYNTHESIS OF CHIRAL TRIAZINE COUPLING REAGENTS BASED 
ON ESTERS OF N-ALKYLPROLINE AND THEIR APPLICATION 

IN THE ENANTIOSELECTIVE INCORPORATION OF D OR L AMINO ACID
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Although several chiral coupling reagents and
chiral acylation catalysts have been proposed for the
enantioselective acylation and synthesis of enan-
tiomerically enriched peptides directly from racemic
substrates, including optically active 4-dimethyl-
aminopyridine (DMAP) analogues (4), benzote-
tramisol (5), N-methylimidazole (6), N-hydroxysuc-
cinimide (7), diacylamines (8), tertiary amines (9),
phosphines (10) and others (11), until recently, none
of the proposed enantioselective coupling methods has
been accepted for peptide synthesis because of the
unpredictable results of coupling experiments includ-
ing configuration, enantiomeric purity, optimal cou-
pling conditions and the yield of the final product. The
unpredictability of the enantioselective synthesis of
peptide bonds results from the complex mechanism of
this process, consisting of two subsequent stages, e.g.,
activation of carboxylic group, followed by aminoly-
sis proceeding via two independent tetrahedral inter-
mediates and four independent transition states with
additional stereogenic centers temporary formed on
the carbon atom of the activated carboxylic group. 

EXPERIMENTAL

Thin layer chromatography experiments (TLC)
were carried out on silica gel (Merck; 60 � F254),
and spots were located with: UV light (254 and 366
nm), 1% ethanolic 4-(4-nitrobenzyl)pyridine (NBP)
or, in the case of secondary amines, with a mixture
of 2% solution of acetaldehyde in DMF and 2%
solution of chloranil in DMF. Derivatives of N-
methylproline were visualized by spraying plates
with 1% KMnO4 in 2% aqueous K2CO3 solution. 

Analytical RP-HPLC was performed on a
Waters 600S HPLC system (Waters 2489 UV/VIS
detector, Waters 616 pump, Waters 717 plus
autosampler, HPLC manager software from
Chromax) using a Vydac C18 column (25 cm ◊ 4.6
mm, 5 µm; Sigma). HPLC was performed with a
gradient of 0.1% TFA in H2O (A) and 0.08% triflu-
oroacetic acid in acetonitrile (B), at a flow rate of 1
mL/min with UV detection at 220 nm, tR in min.
Preparative column chromatography were per-
formed on silica gel 60, 240ñ600 mesh (Merck).

LC/MS spectra were recorded on a Dionex
UltiMate 3000. IR spectra were recorded in KBr pel-
lets or film on a Bruker ALPHA spectrometer or a
PerkinElmer Spectrum 100 apparatus. 1H-NMR and
13C-NMR, spectra were recorded on a Bruker Avance
DPX 250 (250 MHz) and Varian (300 MHz) spec-
trometers. Chemical shifts (ppm) are relative to TMS
used as an internal standard. Multiplicities are marked
as s = singlet, d = doublet, t = triplet, q = quartet, qu

= quintet, m = multiplet. Melting points were deter-
mined using a B¸chi apparatus, model 510.

Synthesis of L-N-methylproline (1). Typical pro-

cedure

The vigorously stirred suspension of zinc dust
(6.50 g; 100 mmol), L-proline (5.57 g; 50 mmol) and
NaH2PO4 (11.90 g; 100 mmol) in water (22 mL) was
treated with 35% aq. formaldehyde (2.10 mL).
Stirring was continued for 48 h at 30OC. The suspen-
sion was discarded, the filtrate was neutralized with
2 M aq. ammonia to pH 8, concentrated under vacu-
um, the solid residue was dissolved in small amount
of water and lyophilized. Dry residue was extracted
with hot mixture of benzene-ethanol (1 : 1, v/v).
Collected extracts were evaporated to dryness and
then recrystallized from the mixture methanol/ether
affording L-N-methylproline (1) (5.68 g; yield 88%)
as white crystals m.p. 115ñ120OC, lit. (12) m.p.
115ñ116OC. IR (film, cm-1): 3008ñ2978 (CH), 1738
(C=O), 1467 (CH), 1353 (CH), 1243 (C-N). 
1H-NMR (250 MHz, D2O, δ, ppm): 1.9ñ2.1 (m, 4H,
CH2-CH2-CH-), 2.5ñ2.7 (m, 1H, CH2-N-), 2.8 (s, 3H,
CH3-N-), 3.0ñ3.2 (m, 1H, CH2-N-), 3.6ñ3.7 (m, 1H,
-CH-CO-).

L-N-Methylproline n-propyl ester hydrochloride

(3b). General procedure 

Stirred suspension of L-N-methylproline (6.45
g; 50 mmol) in n-propanol (100 mL) was cooled to
ñ50OC and thionyl chloride (6 mL; 78 mmol) was
added dropwise in such a rate to maintain the tem-
perature below ñ45OC. Then, the solution was
allowed to warm up and stirring was continued for
20 h at room temperature followed by boiling under
reflux for additional 5 h. Clear solution was concen-
trated under vacuum and the solid residue was twice
dissolved in dichloromethane (50 mL), and concen-
trated to oily residue. The residue was dissolved in
dioxane and lyophilized yielding L-N-methylproline
n-propyl ester hydrochloride (3b) as white plates
(8.3 g; yield 86%). IR (film, cm-1): 2957 (CH), 2849
(CH), 1737 (C=O), 1311 (C-O), 1231 (C-N). 1H-
NMR (250 MHz, CD3OH, δ, ppm): 0.9ñ1.0 (m, 3H,
CH3-CH2-), 1.6ñ1.8 (m, 2H, -CH2-CH3), 1.9ñ2.3 (m,
4H, -CH2-CH2-CH-), 2.5ñ2.7 (m, 1H, CH2-N-), 2.9
(s, 3H, CH3-N-), 3.2ñ3.3 (m, 1H, CH2-N-), 3.6ñ3.8
(m, 1H, -CH-CO-), 4.2ñ4.4 (m, 2H, -O-CH2-).

L-N-Methylproline methyl ester hydrochloride

(3a) 

L-N-Methylproline methyl ester hydrochloride
was prepared according to the general procedure
described above from L-N-methylproline (6.45 g;
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50 mmol), methanol (100 mL) and thionyl chloride
(6 mL; 78 mmol). The isolated product was dis-
solved in dioxane and lyophilized yielding L-N-
methylproline methyl ester hydrochloride (3a) as
white plates (8.12 g; yield 90%). IR (film, cm-1):
2957 (CH), 2849 (CH), 1737 (C=O), 1311 (C-O),
1231 (C-N). 1H-NMR (250 MHz, D2O, δ, ppm):
1.90ñ2.20 (m, 4H, -CH2-CH2-CH-), 2.45ñ2.55 (m,
1H, CH2-N-), 2.9 (s, 3H, CH3-N-), 3.10ñ3.20 (m,
1H, CH2-N-), 3.70 (s, 3H, O-CH3), 4.20ñ4.30 (m,
1H, -CH-CO-).

Synthesis of L-proline n-propyl ester hydrochlo-

ride (H-Pro-OC3H7 ◊ HCl) (2d). Typical proce-

dure 

A vigorously stirred suspension of L-proline
(5.76 g; 50 mmol) in n-propanol (20 mL) was cooled
to 0OC and thionyl chloride (6 mL; 78 mmol) was
added dropwise in such a rate to maintain tempera-
ture below 5OC. The stirring was continued at room
temp. for 21 h, then concentrated under reduced
pressure. The oily residue was dissolved again with
n-propanol (10 mL) and evaporated under reduced
pressure. The treatment with n-propanol and evapo-
ration was repeated twice to solidify the residue.
After drying to the constant weight in vacuum des-
iccator under P2O5, proline n-propyl ester
hydrochloride (2d) (9.29 g, 96% yield) was obtained
as a white solid. IR (film, cm-1): 3382 (NH),
2971ñ2881 (CH), 1732 (C=O), 1232 (C-O), 1102
(C-N). 1H-NMR (250 MHz, CDCl3, δ, ppm): 0.9ñ1.0
(m, 3H, CH3-), 1.6ñ1.65 (m, 2H, -CH2-CH2-CH3),
1.7ñ1.8 (m, 2H, -CH2-CH2-), 2.1ñ2.2 (m, 1H, -CH2-
CH2-), 2.4ñ2.5 (m, 1H, -CH2-CH2-), 3.5ñ3.7 (m, 2H,
-CH2-CH2-), 4.1ñ4.3 (m, 2H, -CH2-CH2-CH3),
4.4ñ4.5 (m, 1H, -CH2-CH-C-O ).

Synthesis of L-N-allylproline methyl ester (3c).

Typical procedure

To the stirred solution of proline methyl ester
hydrochloride (6.45 g; 50 mmol) in DMF (20 mL)
finely grounded anhydrous potassium carbonate
(27.64 g; 200 mmol) was added and then allyl bro-
mide was added dropwise (4.25 mL; 50 mmol).
Stirring was continued at room temperature for 4
days. The slurry was filtered. The filtrate was dilut-
ed with water (100 mL) and extracted with ethyl
acetate (4 ◊ 50 mL). The filtrate cake was hashed
with ethyl acetate (30 mL). Washing was combined
with ethyl acetate extract, dried with anhydrous
MgSO4, filtered and concentrated under reduced
pressure. The residue (7.5 g) was poured on silica
gel column and eluted with hexane ñ ethyl acetate
(8 : 1, v/v) to isolate first fraction (1.21 g; Rf = 0.46

in hexane : ethyl acetate), then eluted with hexane ñ
ethyl acetate (4 : 1, v/v) to isolate N-allylproline
methyl ester (3c) (3.14 g; 37% yield). Rf = 0.41
hexane : ethyl acetate (6 : 1, v/v). IR (film, cm-1):
3078, 2951, 2876, 2796, 1731, 1681, 1643, 1435,
1420, 1356, 1275, 1195, 1167, 1086, 1038, 995,
917, 760, 706, 670, 606, 557, 442, 422. 1H-NMR
(250 MHz, CDCl3, δ, ppm): 1.68 (m, 3H, -CH2-
CH2-CH2-), 2.10ñ2.15 (m, 1H, -CH2-CH2-CH-),
2.28ñ2.38 (m, 1H, -CH2-CH2-CH-), 3.02ñ3.14 (m,
3H, =CH-CH2-N- + -CH2-CH2-CH2-), 3.22ñ3.29
(m, 1H,-N-CH-CH-), 3.65 (s, 3H, -COCH3),
5.00ñ5.16 (m, 2H, CH2=CH-), 5.78ñ5.94 (m, 1H,
CH2=CH-). LC/MS: 170.0878 ([M + H]+,
C9H16NO2

+, 170.23).

Synthesis of L-N-allylproline n-propyl ester (3d)

In the synthesis there were used proline n-
propyl ester hydrochloride (10.08 g; 52 mmol) DMF
(20 mL), anhydrous potassium carbonate (29.17 g;
211 mmol) and allyl bromide (4.50 mL; 52 mmol).
Product was isolated by column chromatography on
silica gel. The first fraction (0.623, Rf = 0.58) was
eluted with hexane : ethyl acetate (10 : 1, v/v). N-
Allylproline n-propyl ester (3d) (6.13 g, yield 78%).
Rf = 0.28 (hexane : ethyl acetate 6 : 1, v/v) was elut-
ed with hexane : ethyl acetate (10 : 1, v/v) as the sec-
ond fraction. 1H-NMR (250 MHz, CDCl3, δ, ppm):
0.93 (t, 3H, J1 = 7.48 Hz, CH3-CH2-), 1.59ñ1.73 (m,
2H, -CH2-CH2-CH3), 1.8ñ2.02 (m, 3H, -CH2-CH2-
CH-), 2.12ñ2.23 (m, 1H, -CH2-CH2-CH-), 2.44ñ2.53
(m, 1H, -CH2-CH2-CH-), 3.13ñ3.28 (m, 3H, 
-CH2-CH2-N- + -CH2-CH2-), 3.34ñ3.42 (m, 1H, 
-CH2-CH2-CH-), 4.10 (t, 2H, J1 = 6.79 Hz, 
-O-CH2-CH2-), 5.08ñ5.23 (m, 2H, CH2-CH=),
5.87ñ6.03 (m 1H, -CH2=CH). IR (film, cm-1): 3079,
2967, 2878, 2797, 1728, 1686, 1643, 1460, 1419,
1392, 1378, 1355, 1269, 1170, 1086, 1059, 1039,
992, 916, 766, 707, 659, 558, 424. LC-MS: 198.2
([M + H]+, C11H20NO2

+, 198.28).

Synthesis of L-N-allylproline allyl ester (3e)

To the stirred solution of L-proline (11.50 g;
100 mmol) in DMF (40 mL) finely grounded anhy-
drous potassium carbonate (41.46 g; 300 mmol) was
added and then allyl bromide was added dropwise
(24 mL; 300 mmol). Stirring was continued at room
temperature until all proline was consumed. The
slurry was filtered. The filtrate was diluted with
water (150 mL) and extracted with ethyl acetate (5 ◊
50 mL). The filtrate cake was hashed with ethyl
acetate (50 mL). Washing was combined with ethyl
acetate extract, dried with anhydrous MgSO4, fil-
tered and concentrated under reduced pressure. The
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oily residue (18.31 g) was poured on silica gel col-
umn and eluted with hexane : ethyl acetate (8 : 1,
v/v) to isolate first fraction (13.35 g) Rf = 0.27 in
hexane : ethyl acetate (8 : 1, v/v), then eluted with
hexane : ethyl acetate (4 : 1, v/v) to isolate N-allyl-
proline allyl ester (3e) (3.87g, yield 21%) Rf = 0.35
(hexane : ethyl acetate, 4 : 1, v/v) as colorless oil.
1H-NMR (250 MHz, CDCl3, δ, ppm): 1.74ñ2.03 (m,
3H, -CH2-CH2-CH2-), 2.10ñ2.19 (m, 1H, -CH2-CH2-CH-),
2.35ñ2.45 (m, 1H, =CH-CH2-N-), 3.08ñ3.23 (m, 3H,
CH2=CH-+ -CH2-CH-), 3.3ñ3.38 (m, 1H, -CH2-CH-),
4.6ñ4.63 (m, 2H, -O-CH2-CH), 5.06ñ5.35 (m, 4H,
CH2=CH-CH2-N), 5.84 (m, 2H, CH2=CH-CH2-N +
CH2=CH-CH2-O). IR (film, cm-1): 3080, 2950, 2876,
2797, 2026, 1730, 1680, 1646, 1443, 1419, 1384,
1356, 1269, 1166, 1087, 1035, 989, 918, 768, 717,
658, 554, 488. LC-MS: 196.1 ([M + H]+,
C11H18NO2

+, 196.26). 

Condensations of 4-methoxybenzoic acid (6) with 4-

toluidine (8) mediated by CDMT (4) and n-propyl

ester of L-N-allylproline 3d. Typical procedure

CDMT (0.044 g; 0.25 mmol) was added to the
stirred and cooled to 0OC solution of L-N-allylpro-
line n-propyl ester (0.049 g; 0.25 mmol) in acetoni-
trile (2 mL). Progress of activation was monitored
by TLC (mobile phase: dichloromethane; visualiza-
tion by spraying plate with 0.5% solution of 4,4í-
nitrobenzylpyridine in ethanol). After formation of
red spot Rf = 0, p-methoxybenzoic acid (0.038 g;
0.25 mmol) and DIPEA (45 µL; 0.25 mmol) were
added. Stirring was continued until TLC confirmed
disappearing of red spot Rf = 0.6 characteristic for
CDMT. Then p-toluidine (0.026 g; 0.25 mmol) was
added and stirring was continued for additional 24 h
at room temperature and solvent was removed under
reduced pressure. Dry solid residue was dissolved in
dichloromethane (15 mL) and washed successively
with water (15 mL), 1 M aq. HCl (15 mL), water (15
mL), 1 M aq. sodium bicarbonate (15 mL) and again
with water (15 mL). Organic layer was dried with
magnesium sulfate, filtered and the filtrate was con-
centrated to dryness. White solid residue was dried
to constant mass in vacuum desiccator yielding 9

(0.055 g; yield 91.2%). M.p. = 140OC, lit. (13) m.p.
= 150OC. 1H-NMR (250 MHz, CDCl3, δ, ppm): 2.34
(s, 3H, CH3-), 3.87 (s, 3H, -OCH3), 7.1 (dd, 4H,
-C6H4, J1 = 8.23 Hz, J2 = 48.96 Hz), 7.65 (dd, 4H, 
-C6H4, J1 = 8.93 Hz, J2 = 48.96 Hz). IR (film, cm-1):
3339, 3080, 3006, 2962, 2917, 2840, 1901, 1746,
1707, 1650, 1595, 1578, 1514, 1499, 1464, 1444,
1402, 1378, 1321, 1307, 1295, 1237, 1178, 1122,
1101, 1030, 967, 936, 898, 837, 811, 792, 760, 653,
639, 626, 610, 541, 504, 430, 399.

Synthesis of L-5b (DMT/L-N-MePro-OMe/BF4
-)

from L-N-methylproline methyl ester tetrafluo-

roborate and CDMT

To the solution of L-N-methylproline methyl
ester (5.50 g; 39 mmol) in dichloromethane (50 mL)
equimolar amount of HBF4 in ether (4.02 mL; 39
mmol) was added. Solvent was removed under
reduced pressure yielding quantitatively L-N-
methylproline methyl ester tetrafluoroborate as
white solid. Solid residue was dissolved in acetoni-
trile (100 mL), anhydrous NaHCO3 (6.10 g; 72
mmol) and CDMT (6.30 g; 39 mmol) were added
and suspension was vigorously stirred at room tem-
perature until all CDMT was consumed as moni-
tored by TLC. The suspension was filtered. The fil-
ter cake was washed several times with acetonitrile
and combined filtrates were evaporated under
reduced pressure affording 5b (DMT/L-N-MePro-
OMe/BF4

-) (12.0 g, yield 83%) as pale oil. 1H-NMR
(250 MHz, CD3CN, δ, ppm): = 1.77ñ1.81 (m, 4H, 
-CH2-CH2-), 3.01ñ3.33 (m, 2H, -N-CH2-), 3.46ñ3.66
(m, 1H, -O-CH-), 3.70 (s, 3H, CH3-N), 3.81 (s, 3H,
CH3O-), 3.96 (s, 6H, 2 ◊ CH3-O).

Synthesis of D-5b (DMT/D-N-MePro-OMe/BF4
-)

from D-N-methylproline methyl ester tetrafluo-

roborate and CDMT

The synthesis was performed according to gen-
eral procedure (see above) from D-N-methylproline
methyl ester (5.50 g; 39 mmol), dichloromethane
(50 mL), HBF4 in ether (4.02 mL; 39 mmol), ace-
tonitrile (100 mL), anhydrous NaHCO3 (6.10 g; 72
mmol) and CDMT (6.30 g; 39 mmol). Product D-5b

(DMT/D-N-MePro-OMe/BF4
-) (3.92 g, yield 88%)

was obtained as yellow oil. Spectroscopic data iden-
tical as presented above for L-5b. 

Synthesis of L-5d (DMT/L-N-MePro-OMe/ClO4
-)

from L-N-methylproline methyl ester, CDMT and

silver perchlorate

To the vigorously stirred and cooled to 0OC
solution of CDMT (0.840 g; 4.8 mmol) in acetoni-
trile (8 mL), the solution of L-N-allylproline allyl
ester (0.936 g; 4.8 mmol) in acetonitrile (5 mL) and
solution of silver perchlorate (0.995 g; 4.8 mmol) in
acetonitrile (5 mL) were added dropwise. The reac-
tion progress was monitored by TLC. After all
CDMT was consumed (disappeared spot Rf = 0.6,
mobile phase dichloromethane) a deposit of silver
chloride was filtered off and the filtrate was concen-
trated to dryness under reduced pressure. Product L-

5d (DMT/L-N-MePro-OMe/ClO4
-) (0.437g, yield

21%) was obtained as solid, m.p. = 103OC. IR (film,
cm-1): 2965, 2877, 1573, 1551, 1516, 1474, 1455,
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1400, 1364, 1312, 1236, 1214, 1185, 1086, 1048,
804, 682, 621, 556, 530, 492, 396. LC-MS: 179 ([M
+ Na]/2, C16H23N4O4

+, 335.37).

Enantioselective synthesis of Z-AlaGly-OMe

from rac-Z-Ala-OH using L-5b (DMT/L-N-

MePro-OMe/BF4
-). General procedure

The vigorously stirred solution of L-5b

(DMT/L-N-MePro-OMe/BF4
-) (0.142 g; 0.5 mmol)

in acetonitrile (5 mL) was cooled to 0OC and then
rac-Z-Ala-OH (0.223 g; 1 mmol) and DIPEA(17.6
µL; 0.1 mmol) were added. Stirring was continued
for 1 h and HCl ◊ H-Gly-OMe (0.069 g; 0.5 mmol)
and NMM (55 µL; 0.5 mmol) were added and the
mixture was left at 0OC for 2 h. Then, it was allowed
to warm-up to room temperature overnight. Solvent
was removed under reduced pressure and residue
was dissolved in dichloromethane (10 mL) and
washed successively with water (3 mL), 1 M aq.
HCl (3 mL), water (3 mL), 1 M aq. NaHCO3 (3 mL)
and again water (3 mL). Organic phase was dried
with MgSO4, filetered and evaporated to dryness
yielding Z-D-Ala-Gly-OMe (99 µg, yield 67%),
m.p. = 87ñ89OC; lit. m.p. = 94 ñ 96OC (14), [α]D

25 =
(+) 18.5 (c = 1.0, MeOH); lit. [α]D

25  = (+) 26 (c = 1.0,
MeOH) (14). IR (film/NaCl, cm-1): 3321, 3017,
2966, 2937, 2903, 2274, 2143, 1984, 1815, 1759,
1695, 1666, 1586, 1536, 1480, 1448, 1410, 1374,
1362, 1320, 1247, 1191, 1168, 1127, 1072, 1054,
1017. 1H-NMR (250 MHz, CDCl3, δ, ppm): 1.41 (d,
3H, J = 6.5 Hz, CH3-CH-), 3.78 (s, 3H, CH3O-), 4.11
(q, 1H, J = 7 Hz, CH3-CH-), 4.39 (m, 2H, -CH2-CO-),

5.10 (s, 2H, -CH2O-), 6.61 (broad s, 1H, NH), 7.40
(s, 5H, arom.).

Enantioselective synthesis of Z-AlaGly-OMe

from rac-Z-Ala-OH using D-5b (DMT/D-N-

MePro-OMe/BF4
-).

Synthesis was carried out according to general
procedure described above using D-5b (DMT/D-N-
MePro-OMe/BF4

-) (0.142 g; 0.5 mmol), rac-Z-Ala-
OH (0.223 g; 1 mmol), DIPEA (17.6 µL; 0.1 mmol),
HCl ◊ H-Gly-OMe (0.069 g; 0.5 mmol) and NMM
(55 µL; 0.5 mmol). Z-L-Ala-Gly-OMe (96 µg) was
obtained (yield 65%), m.p. = 90ñ91OC; lit. m.p. =
94ñ96OC (15), [α]D

25 = (ñ) 17.2; lit. (15) [α]D
25  = (ñ)

23.2 (c = 1.0, MeOH). IR (film/NaCl, cm-1): 3321,
3017, 2966, 2937, 2903, 2274, 2143, 1984, 1815,
1759, 1695, 1666, 1586, 1536, 1480, 1448, 1410,
1374, 1362, 1320, 1247, 1191, 1168, 1127, 1072,
1054, 1017. 1H-NMR (250 MHz, CDCl3, δ, ppm):
1.41 (d, 3H, J = 6.5 Hz, CH3-CH-), 3.78 (s, 3H,
CH3O-), 4.11 (q, 1H, J = 7 Hz, CH3-CH-), 4.39 (m,
1H, -CH2-CO-), 5.10 (s, 2H, -CH2O-), 6.61 (broad s,
1H, NH), 7.40 (s, 5H, aromatic). 

RESULTS AND DISCUSSION

The problem of unpredictable results of enan-
tioselective peptide synthesis from racemic sub-
strates was resolved by designing the traceless enan-
tioselective coupling reagents (16). According to
this concept, traceless reagents are prepared by tem-
porary attachment of the chiral fragment to a classic

Scheme 1. Treatment of racemic carboxylic component with chiral traceless coupling reagent yields appropriate enantiomerically enriched
activated derivative, the same for all chiral components in the whole family of enantioselective reagents as well as the entity identical with
obtained using appropriate achiral counterpart 
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peptide-bond-forming agent. Thus, after selection of
the enantiomer at the activation stage and departure
of the chiral component, the activated intermediate
is converted to a well-known form of a convention-
al achiral acylating species. 

Moreover, it has been shown that configuration
and enantiomeric enrichment once established at the
activation stage remained intact and independent on
the structure of acylated counterpart. This advantage
is extremely important because all reaction parame-
ters including configuration, optical purity of the
product, optimal reaction conditions and the effi-
ciency of coupling are predictable on the basis of a
single experiment of the model reaction. 

The first traceless enantioslective coupling
reagents were designed based on chiral N-triazinyl-
ammonium salts derived from alkaloids (brucine,
strychnine, quinine) (17). The versatility of the
approach was fully confirmed by the high yield of
peptide synthesis within up to 99% enantiomeric
purity from racemic substrate, with expected config-
uration. However, until now, the main limitation in
the broad application of chiral N-triazinylammoni-
um salts are toxicity of the alkaloids and limited
access to both enantiomeric forms of the chiral com-

ponent of coupling reagent. To overcome this draw-
back, the search were undertaken for more versatile
chiral components useful in enantioselective synthe-
sis of peptide bond. In the introductory experiments
it has been noticed that N-methylpyrrolidine is very
versatile amino component in triazine mediated cou-
pling reactions (18). Therefore, in order to open
access to the representative collection of chiral non-
toxic coupling reagents, the systematic studies were
undertaken to develop procedures for synthesis of
chiral N-methylpyrrolidines from proline which is
readily available in both enantiomeric forms. In the
first attempts an efforts were made to evaluate N-
methyl and N-allylproline esters as chiral compo-
nent in enantioselective activation of N-protected
amino acids. 

N-Methylproline (1) was prepared by treatment
of proline with aqueous formaldehyde in the pres-
ence of zinc dust according to the modified proce-
dure (12) with 92% yield. Methyl ester of N-methyl-
proline (3a) and propyl esters of N-methylproline
(3b) were obtained under classic conditions in reac-
tion with appropriate alcohols and thionyl chloride
in 90 and 86% yield, respectively. N-Allylproline
methyl ester (3c) and n-propyl ester 3d were

Scheme 2. Condensation of 4-methoxybenzoic acid (6) with 4-toluidine (8) mediated by 2-chloro-4,6-dimethoxy-1,3,5-triazine (4) in the
presence of esters of N-alkylproline 3a-e
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obtained in 90% yield according to procedure of
Hassner (18) in reaction of appropriate proline ester
2c or 2d with allyl bromide in the presence of potas-
sium carbonate. The structure of 3c was confirmed
by MS analysis based on intensive (M + 1) signal
m/z = 170.08 expected for N-allylproline methyl
ester (M = 169.23). N-Allylproline allyl ester (3e)
was prepared by direct N- O- dialkylation of proline
with two equivalents of allyl bromide in the pres-
ence of potassium carbonate. Its structure was con-
firmed by the presence of double triplet at δ = 3.20
ppm and triplet at δ = 4.50 ppm in 1H-NMR spec-
trum corresponding respectively to the allyl methyl-
ene fragment attached to nitrogen and oxygen and
by the presence of [M + 1]+ ion m/z = 196.1. 

Model coupling reactions of 4-methoxyben-
zoic acid (6) with 4-toluidine (8) by 2-chloro-4,6-
dimethoxy-1,3,5-triazine (4) in the presence of
esters of N-alkylproline 3a-e gave expected amide
(9) with good yield (Scheme 2). 

This confirmed that simple derivatives of N-
alkylproline 3a-e can be potentially used as chiral
components in enantioselective condensations,
although in all cases studied, progress of condensa-
tion was relatively slow and 24 h coupling time was
necessary for reaction to be completed.

Careful examination of reacting mixture evi-
denced, that the rate limiting step is formation of N-
triazinylammonium chloride 5a in reaction of
CDMT (4) with N-alkylproline ester 3a-e. This cir-
cumstance is adverse for enantiodifferentiating pro-
cedures because prolonged contact of reactants fore-
cast dealkylation of 5a, racemization of chiral com-
ponent 3a-e and favors formation of mezo-anhy-
drides by acylation discriminated enantiomer of car-
boxylic acid with carboxylic acid enantiomer pre-
ferred in the activation step. 

The remedy preventing this shortcoming is to
separate the rate limiting quaternization of N-alkyl-
proline ester 3a-e in reaction with CDMT (4) and

Scheme 3. Stable salts of triazine based coupling reagents 5c-d

Table 1. Condensations of 4-methoxybenzoic acid (6) with 4-toluidine (8) mediated by CDMT (4) and esters
of N-alkylproline 3a-e. 

Entry
N-alkylproline ester 

Solvent 
Activation time Yield

3a-e [h] [%]

1 3a acetonitrile 24 78.7

2 3b acetonitrile 24 60  

3 3a THF 24 72.9  

4 3b THF 24 65.5  

5 3c acetonitrile 24 93  

6 3d acetonitrile 24 98  

7 3e acetonitrile 24 98
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substitute unstable N-triazinylammonium chlorides
5a with stable salts of triazine based coupling
reagents prepared in the form of appropriate salt
with non-nucleophilic tetrafluoroborate, tosylate or
perchlorate counterion 5b-d. The treatment of L N-
methylproline methyl ester (3a) with tetrafluoro-
boric acid solution and then reaction with CDMT
gave appropriate tetrafluoroboric salt L-5d

(DMT/L-N-MePro-OMe/BF4
-) in 83% yield and D-

5b (DMT/D-N-MePro-OMe/BF4
-) in 88% yield,

respectively. Appropriate perchlorate L-5d

(DMT/L-N-MePro-OMe/ClO4
-) was prepared by

treatment of L-N-methylproline methyl ester (3a)
with CDMT in the presence of silver perchlorate.
Unfortunately, the poor solubility of L-5d in sol-
vents used in peptide synthesis severely limited its
synthetic applications. Furthermore, both proce-

dures failed in the attempts to prepare 4-toluenesul-
fonate 5c (DMT/L-N-MePro-OMe/TsO3

-).
The versatility and selectivity of 5a-d were

studied both in model condensation of 6 with 4-tolu-
idine (8) and in enantioselective coupling of racemic
Z-Ala-OH with H-Gly-OMe. 

It has been found that L-5b obtained from L
enantiomer of methyl esters 3a prefers formation of
D dipeptide with L/D ratio 79/21, but enantiomeric
form of D-5b prepared from D enantiomer of methyl
esters 3a prefers formation of L dipeptide with
reverse L/D ratio 25/75. This demonstrated that rel-
atively simple, non-toxic, non-expensive and readi-
ly accessible in both enantiomeric forms compo-
nents for synthesis of traceless enantioselective cou-
pling reagents can be obtained from proline.

Scheme 4. Enantioselective coupling of racemic Z-Ala-OH with H-Gly-OMe to 11, mediated by enantiomeric coupling reagents L-5b

and D-5b

Table 2. Synthesis of Z-Ala-Gly-OMe from racemic Z-Ala-OH in the presence of chiral coupling reagents 
L-5b and D-5b. 

Coupling Yield [α]D
25 Lit. [α]D

25 Preferred D/L
reagent [%] (c = 1.0. MeOH) (c = 1.0, MeOH) configuration  [%]

L-5b 67 (+) 18.5 (+) 26 (14) D 85/15  

D-5b 65 (ñ) 17.2 (ñ) 23.2 (15) L 13/87
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CONCLUSION

The deteriorating effect of electron withdraw-
ing ester group of proline severely reducing nucle-
ophilicity of nitrogen in N-alkylproline esters in
reaction with CDMT, as compared to not substitut-
ed N-alkylpyrrolidines, has been overcome by trans-
formation of unstable quaternary chlorides into sta-
ble N-triazinyl-N-methylpyrrolidinium tetrafluoro-
borates L-5b and/or D-5b.
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Piroxicam, from the group of the oxicams, is
mainly known as a non-steroidal anti-inflammatory
drug (NSAID), used in the treatment of chronic
rheumatic diseases. The molecular target of
NSAIDs is cyclooxygenase (COX), the enzyme that
catalyzes the conversion from arachidonic acid to
prostaglandins (PGs). There are three isoforms of
COX (COX-1, COX-2 and COX-3). 

Most solid tumors express the cyclooxygenase-
2 (COX-2) protein, which is the target of NSAIDs,
and that is why those drugs are evaluated as anti-
cancer. They inhibit proliferation, invasiveness of
tumors, and angiogenesis and overcome apoptosis
resistance in a COX-2 dependent and independent
manner (1). Moreover, chronic inflammatory
processes affect all stages of tumor development,
and there are many molecular and cellular pathways
that participate in the crosstalk between cancer cells
and inflammatory mediators (2). The incidence of
colon, breast and prostate cancer is closely associat-
ed to the inflammation. The inflammation may play
a role in tumor initiation by triggering the produc-
tion of reactive oxygen species responsible for DNA
damage, and also in tumor promotion, because it

triggers the secretion of growth factors. COX-2
induction or overexpression is associated with an
increased production of PGE2, one of the major
products of COX-2 which is known to modulate cell
proliferation, cell death and tumor invasion in many
types of cancer (including colon cancer) (3).
NSAIDs particularly decrease the incidence of, and
mortality from, colon cancer, and therefore those
drugs have been a major advance in chemopreven-
tion, which is a strategy aimed at preventing tumor
progression before irreversible changes to the pro-
teome are in full progress (4, 5). 

The trials of aspirin (versus control) and COX-
2 inhibitors showed that those medicines reduce the
risk of colon cancer. Unfortunately, prevention with
COX-2 inhibitors is not possible because of an
increased risk of vascular events, and, on the other
hand, the greater risk of bleeding complications in
patients on high-dose aspirin limits its chemopre-
vention potential in cases of colon cancer (6). That
is why the other NSAIDs (e.g., sulindac) are exam-
ined for inhibiting colon cancer occurrence.
However, all the studies strongly suggest a role for
aspirin and other NSAIDs in the reduction of the
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risk of colon cancer (7). Emerging evidence of as
much as 40% reduction in mortality in patients
undergoing curative treatment of colorectal cancer
makes the concept of the use of NSAIDs as adjuvant
treatment in high risk disease more compelling,
when potential survival benefits may outweigh the
risk of their use in cancer prophylaxis (8).

Lichtenberger et al. presume that one of the
alternative mechanisms by which NSAIDs can be
effective is by interacting with cellular membranes
and altering their biophysical properties. Those
drugs can induce changes in the fluidity, permeabil-
ity and biophysical properties of cell membranes
(9). Also L˙cio et al. consider the interaction of
NSAIDs with membrane models concluding that in
order to achieve their main target ñ membrane asso-
ciated enzyme COX ñ NSAIDs have first to pass
through the membranes, that is why understanding
this interaction plays a key role in understanding the
therapeutic effects of those drugs (10). 

In the present work, we describe the results of
calorimetric and fluorescence spectroscopic experi-
ments of two new synthesized analogues of piroxi-
cam, named PR17 and PR18 on the phase behavior

of phospholipid bilayers and fluorescence quench-
ing of two fluorescent probes which molecular loca-
tion within membranes is known with certainty. 

EXPERIMENTAL

Chemicals

Egg yolk phosphatidylcholine (EYPC) and
1,2-dipalmitoyl-n-glycero-3-phosphatidylcholine
(DPPC) were purchased from Sigma-Aldrich
(PoznaÒ, Poland). All lipids were used as delivered,
without further purification.

Fluorescent labels: 6-dodecanoyl-2-dimethyl-
aminonaphthalene (Laurdan) and 6-propionyl-2-
dimethylaminonaphthalene (Prodan) were pur-
chased from Molecular Probes (USA). 

All other chemicals used in this study were of
analytical grade.

Synthesis 

The proton nuclear magnetic resonance (1H-
NMR) spectra were measured on a Bruker 300 MHz
NMR spectrometer using CDCl3 as solvent and TMS
as an internal standard. Spin multiplicities are given

Scheme 1. General procedure for the preparation of PR17 and PR18
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as s (singlet), d (doublet), t (triplet) and m (multi-
plet) as well as b (broad). Coupling constants (J) are
given in hertz. Infrared spectra (cm-1) were recorded
on a Perkin-Elmer Spectrum Two UATR FT-IR
spectrometer. The samples were applied as neat
solids. Melting points were determined in open cap-
illary tubes and are uncorrected. Elemental analyses
were performed by Carlo Erba NA 1500 analyzer
and were within ± 0.4% of the theoretical value.
Reactions were monitored by thin layer chromatog-
raphy (TLC) on silica gel plates (Merck 60 F254),
visualized with ultraviolet light. Flash chromatogra-
phy was performed on silica gel column (230ñ400
mesh) using ethyl acetate. 

General procedure for the preparation of PR17

and PR18 (Scheme 1):
Compound 2 was obtained by alkylation of

saccharine with 2-bromo-4í-chloroacetophenone in
DMF with addition of a small amount of triethyl-
amine at room temperature. Newly obtained com-
pound was rearranged using sodium ethoxide to give
compound 3. The alkilation of 3 by 1-(chloroalkyl/
acyl)-4-arylpiperazine resulted in products PR17

and PR18. 

2-(4-Chlorophenacyl)-2H-1,2-benzothiazol-3-on

1,1-dioxide (2)

A mixture of commercially available saccha-
rine 1 (0.92 g, 5 mmol) with 5 mmol of 2-bromo-4í-
chloroacetophenone in 7 mL of N,N-dimethylfor-
mamide (DMF) and triethylamine (0.7 mL, 5 mmol)
was stirred at room temperature for 10 h, then
poured into ice cooled water (50 mL) resulting in the
formation of a white solid, which was filtered and
washed with cold water. The solid was dried and
crystallized from ethanol to give 2 with 99% yield.
Analytical data for 2: C15H10ClNO4S (m.w. 335.76);
m.p. 179ñ181OC (EtOH). 1H-NMR (δ, ppm): 5.11 (s,
2H, CH2), 7.49ñ8.12 (m, 8H, ArH). FT-IR (UATR):
1748, 1699 (CO), 1330, 1180 (SO2) cm-1. 

3-(4-Chlorobenzoyl)-4-hydroxy-2H-1,2-benzo-

thiazine 1,1-dioxide (3)

Three millimoles of 2 was dissolved in 7.5 mL
of sodium ethoxide (2.3%) at 40OC and stirred with
heating to 55ñ60OC for 5ñ10 min. Color changes
from beige to deep red were observed. After this time
and dissolution of all the substance, the mixture was
rapidly cooled to 25OC and 7.5 mL HCl (9%) was
added. Color changed from deep red to deep yellow
and the product precipitated. The solid was filtered
off, washed with cold water, dried and purified by
crystallization from EtOH to give 3 (yield 92%).

Analytical data for 3: C15H10ClNO4S (m.w.
335.76); m.p. 238ñ241OC (EtOH). 1H-NMR (δ,
ppm): 6.48 (s, 1H, NH), 7.47ñ8.24 (m, 9H, ArH),
15.72 (s, 1H, OHenolic). FT-IR (UATR): 3222 (NH),
1588 (CO), 1365, 1178 (SO2) cm-1. 

1-(3-Chloropropyl)-4-(2-fluorophenyl)piperazine

(4a)

Ten millimoles of 1-(2-fluorophenyl)piper-
azine and 11 mmol (1.1 mL) of 1-bromo-3-chloro-
propane were dissolved in acetone (3 mL) with addi-
tion of 25% NaOH (2 mL), stirred slowly at room
temperature for 8 h and left overnight. After this
time, diethyl ether (20 mL) was added and the mix-
ture was stirred further for 30 min then was divided
in a funnel into two parts. The ether part was dried
with MgSO4 and evaporated under vacuum. The
residue was purified by flash silica gel chromatogra-
phy, eluting with EtOAc to give 4a (yield 74%). 

Analytical data for 4a: C13H18ClFN2 (m.w.
256.75); 1H-NMR (δ, ppm): 1.96ñ2.05 (m, 2H,
CH2CH2CH2), 2.56ñ2.68 (m, 6H, CH2N(CH2)2),
3.11ñ3.14 (m, 4H, N(CH2)2), 3.61ñ3.65 (t, J = 6.6
Hz, 2H, CH2CH2CH2Npiperazine), 6.92ñ7.26 (m, 4H,
ArH). 

1-(2-Chloro-1-oxoethyl)-4-(2-fluorophenyl)pi- 

perazine (4b)

Ten millimoles of 1-(2-fluorophenyl)piper-
azine was dissolved in 40 mL of diethyl ether with
the addition of 1.4 mL triethylamine and stirred
slowly at room temperature for 10 min and then 1.6
mL (20 mmol) of chloroacetyl chloride in 20 mL of
diethyl ether were slowly instilled and stirring was
continued for another 2 h. After this time, diethyl
ether was evaporated in vacuum, 10 mL of water
and 60 mL of chloroform were added and the mix-
ture was separated in a funnel. The chloroform part
was dried with MgSO4 and evaporated in a vacuum
to give 4b (yield 66%).

Analytical data for 4b: C12H14ClFN2O (m.w.
256.70); 1H NMR (CDCl3 δ, ppm): 3.02ñ3.12 [m,
4H, N(CH2)2], 3.64ñ3.78 [m, 4H, N(CH2)2], 4.08 (s,
2H, CH2), 6.87ñ7.06 (m, 4H, ArH). 

3-(4-Chlorobenzoyl)-2-substituted-4-hydroxy-

2H-1,2-benzothiazine 1,1-dioxides (PR17, 18)

To the stirred mixture of 5 mmol of 3 in 20 mL
of anhydrous EtOH 5 mL of EtONa (prepared from
0.115 g of Na and 5 mL of anhydrous EtOH) was
added. Then, 5 mmol of corresponding piperazine
(4a or 4b) was added and refluxed with stirring for
10ñ12 h. When the reaction was completed, which
was confirmed using TLC plates, ethanol was dis-
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tilled off, the residue was treated with 50 mL of
CHCl3 and insoluble materials were filtered off. The
filtrate was then evaporated and the residue was
purified by crystallization from ethanol to give com-
pounds PR 17 or 18. 

Analytical data: PR 17 C28H27ClFN3O4S (m.w.
556.05); m.p. 135ñ138OC (EtOH). 1H-NMR (δ,
ppm): 1.22ñ1.26 (m, 2H, CH2CH2CH2), 2.01 (brs,
2H, CH2CH2CH2Npiperazine), 2.30 (brs, 4H, N(CH2)2),
2.97ñ3.65 (m, 6H, CH2N(CH2)2), 6.93ñ8.20 (m,
12H, ArH), 15.47 (s, 1H, OHenolic); FT-IR (UATR):
1609 (CO), 1333, 1166 (SO2) cm-1. Analysis: calcd.:
C 60.48; H 4.89; N 7.56; found: C 60.70; H 5.17; N
7.22. Yield 49%.

PR 18 C27H23ClFN3O5S (m.w. 556,00); m.p.
200ñ203OC (EtOH). 1H-NMR (δ, ppm): 2.82ñ3.75
(m, 10H, CH2CO and Hpiperazine), 6.83ñ8.27 (m, 12H,
ArH), 15.47 (s, 1H, OHenolic). FT-IR (UATR): 1665,
1590 (CO), 1337, 1171 (SO2) cm-1. Analysis: calcd.:

C 58.32; H 4.17; N 7.56; found: C 58.39; H 4.20; N
7.22. Yield 41%.

Microcalorimetry

For each calorimetric sample 2 mg of DPPC
was dissolved in the appropriate amount of chloro-
form stock solution (5 mM) of the studied oxicam.
The oxicam/lipid molar ratios in the samples were:
0.05, 0.10, 0.15, 0.20. After that, the solvent was
evaporated by a stream of nitrogen and the residual
solvent was removed under vacuum for 1.5 h.
Samples were hydrated by 15 µL of Tris-EDTA-
NaCl (20 mM Tris, 0.5 mM EDTA, 150 mM NaCl)
buffer (pH 7.4). Hydrated mixtures were heated to
10OC higher than the main phase transition tempera-
ture of DPPC and vortexed until homogeneous dis-
persion was obtained. Then, the samples were trans-
ferred into aluminium sample pans and sealed.
Calorimetric measurements were performed using a

Figure 1. Thermograms of DPPC doped with PR17. Numbers in the Figure represent PR17 : DPPC molar ratios. The thermograms were
normalized to an equal amount of lipid for each profile

Figure 2. Thermograms of DPPC doped with PR18. Numbers in the figure represent PR18 : DPPC molar ratios. The thermograms were
normalized to an equal amount of lipid for each profile
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Rigaku microcalorimeter. The samples were
scanned at a rate of 1.25 OC/min. Data were stored
on hard disk and analyzed off-line using software
developed in our laboratory by £ukasz Fajfrowski.

Fluorescence spectroscopy

Unilamelar EYPC liposomes were obtained by
sonification of 2 mM phospholipid suspension in
Tris-NaCl-EDTA (20 mM Tris, 0.5 mM EDTA, 150
mM NaCl) buffer (pH 7.4) using UP 200s sonifica-
tor (Dr. Hilscher, GmbH, Berlin). Laurdan and
Prodan stock solutions (1 mM) were prepared in
DMSO. The stock solutions of the studied oxicams
(30 mM) were prepared in DMSO. The liposomes
were diluted and incubated with the fluorescent dye
in darkness for 30 min at room temperature, then the
studied oxicam was added and liposomes were incu-
bated for another 20 min (also in darkness, at room
temperature). In all of the experiments, the final
phospholipid concentration was 200 µM. The con-
centration of the fluorescent dye (Laurdan or
Prodan) was 5 µM. The oxicam concentration in
samples was 25ñ125 µM. The fluorescence experi-
ments were carried out with LS 50B spectrofluo-
rimeter (Perkin-Elmer Ltd., Beaconsfield, UK)
equipped with a xenon lamp using emission and
excitation slits of 5 nm. The excitation wavelength
for Laurdan was 390 nm and for Prodan ñ 360 nm.
The recorded fluorescence spectra were processed
with FLDM Perkin-Elmer 2000 software.

It was checked that the studied oxicams alone
did not exhibit fluorescence in the spectral region of
interest. All the experiments were performed in trip-
licate. 

Molecular modelling

Theoretical calculations were performed using
Spartan 10 software (Wavefunction, Inc., USA).
The optimized molecular structure of all compounds
and QSAR descriptors for them were calculated by
ab initio DFT method with 6-31+G* basis set.

RESULTS

Microcalorimetry

In the calorimetric experiments we investigat-
ed the influence of the studied compounds on the
thermal properties of DPPC bilayers. Since the pre-
transition was not detected in samples containing
any of those compounds (see Fig. 1 and 2) we fol-
lowed the dependencies of main transition tempera-
ture (Tm), enthalpy change (∆H) and transition half-
height width (∆T1/2) on the oxicam analogues con-
centration. In Figures 1 and 2, showing the thermo-
grams of DPPC mixed with PR17 and PR18 at dif-
ferent molar ratios, the impact of these oxicam
derivatives on the lipid thermal behavior is exempli-
fied. The addition of the studied compounds caused
the disappearance of the DPPC pretransition (even
at the lowest molar ratio used) and concentration-

Figure 3. Influence of PR17 (diamonds) and PR18 (circles) on the DPPC main phase transition temperature (TM). Bars represent stan-
dard deviations of eight measurements
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dependent lowering of the main phase transition
temperature accompanied by the decrease of the
transition peaks area and the peak broadening.
Additionally, at oxicam analogue: DPPC, molar

ratios 0.10, 0.15 and 0.20, the peaks appeared to be
composed of two overlapping peaks.

The dependencies of TM, ∆T1/2 and ∆H on the
oxicam analogue/lipid molar ratio obtained for mix-

Figure 4. Influence of PR17 (diamonds) and PR18 (circles) on the DPPC peak half-height width (T1/2). Bars represent standard devia-
tions of eight measurements

Figure 5. Influence of PR17 (diamonds) and PR18 (circles) on the DPPC transition entalpy (∆H). Bars represent standard deviations of
eight measurements

Table 1. The molecular descriptors for PR17 and PR18.

Compound Log P PSA HBD HBA E HOMO E LUMO Polarizability

[�2] Count  Count [eV]  [eV]  

PR 17 3.42 70.030 1 8 ñ6.00 ñ2.62 82.95  

PR 18 2.23 80.328 1 9 ñ5.96 ñ2.68 81.62

Abbreviations: Log P ñ partition coefficient, PSA ñ polar surface area, HBD ñ hydrogen bond donor, HBA ñ hydrogen bond acceptor, E
HOMO ñ energy of highest occupied molecular orbital, E LUMO ñ energy of lowest unoccupied molecular orbital.
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tures of DPPC with PR17 and PR18 are shown in
Figures 3ñ5, respectively. In case of all DPPC
gelñliquid crystalline phase transition parameters,
the more pronounced effects were found for PR18

than for PR17.

Fluorescence spectroscopy

To further study the effect of PR17 and PR18

on phospholipid bilayers, we have used two fluores-
cent probes localized in different membrane seg-
ments, and EYPC as unsaturated phospholipid.

Laurdan and Prodan both possess the same fluo-
rophore connected to an alkyl chain of different
length (three carbon atoms in Prodan and twelve in
Laurdan). Therefore, Prodan molecules locate clos-
er to the hydrophilic surface of a bilayer than
Laurdan whose fluorophore is positioned close to
phospholipid glycerol groups (11, 12). The addition
of studied oxicam analogues resulted in fluores-
cence quenching of both probes. Stern-Volmer plots
are presented in Fig. 6 for PR17 and in Fig. 7 for
PR18. The studied compounds caused strong

Figure 6. Stern-Volmer plots for quenching of Laurdan (open symbols) and Prodan (full symbols) by PR17 (diamonds) in EYPC. Bars
represent standard deviations of three independent experiments

Figure 7. Stern-Volmer plots for quenching of Laurdan (open symbols) and Prodan (full symbols) by PR18 (circles) in EYPC. Bars rep-
resent standard deviations of three independent experiments
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quenching of both probes, although the effect was
much more pronounced in case of Laurdan for
PR18, and in case of Prodan for PR17. 

Molecular modelling

Applying of QSAR methods allowed to
describe electronic, structural and topological
parameters and hydrophobicity of new compounds
and to correlate these properties with their ability to
affect phospholipid bilayers. Log P and polarizabil-
ity of studied oxicam derivatives are ranked as fol-
lows: PR17 > PR18, while PSA is inversed. The
HOMO and LUMO energies are nearly the same for
PR17 and PR18. The HOMO level is at ñ6.00 for
PR17 and ñ5.96 for PR18 with respect to the vacu-
um level, while the LUMO level is ñ2.62 and ñ2.68,
respectively. Therefore, replacing the (CH2)2 group
by carbonyl group (C=O) in the side chain in posi-
tion 2 of the 1,2-thiazine ring did not significantly
changed the HOMO and LUMO energy. The values
of all molecular descriptors for newly synthesized
oxicam derivatives are presented in Table 1. The
obtained results may be related to the Lipinskiís rule
of five (RO5), which states that the poor absorption
or permeation of newly synthesized compounds are
more likely when: there are more than 5 H-bond
donors, the MWT (molecular weight) is over 500,
the LogP is over 5, there are more than 10-H bond
acceptors (13). Compound classes that are substrates
for biological transporters are exceptions to the rule.
The new oxicam analogues fail the RO5 (although
their MWT slightly exceed 500), that is why, we
could except that they would be the drug-like com-
pounds. 

DISCUSSION AND CONCLUSION

To characterize the interaction of newly syn-
thesized piroxicam analogues with lipid bilayers we
employed the following techniques: microcalorime-
try and fluorescence spectroscopy. The results
obtained by these experimental approaches show
that new piroxicam analogues interact with the
model membranes under consideration. Calori-
metric measurements showed that PR17 and PR18

interact with DPPC bilayer and changes the lipid
phase behavior (Figs. 3ñ5) in a concentration-
dependent manner. Abolishing of the pretransition
from the thermograms, observed even at the lowest
of oxicam analogue: DPPC molar ratios examined,
suggests that the presence of small amounts of drug
affects the packing of lipid molecules strongly
enough to prevent formation of the ripple phase
(14). The effects of PR17 and PR18 on DPPC gel-

liquid crystalline phase transition parameters were
stronger than observed by Kyrikou et al. for piroxi-
cam and 3 other NSAIDs (15). As shown by the
example thermograms presented in Figures 1 and 2,
the increase in the oxicam analogue : lipid molar
ratio is accompanied by the broadening of DSC
peaks that suggests lower cooperativity of phospho-
lipid main phase transition in the presence of studied
compounds. Comparing the magnitude of changes
induced by the studied oxicam analogues in ther-
motropic properties of DPPC bilayers the order
PR18 > PR17 was observed. 

According to the standard interpretation of
calorimetric data proposed by Jain and Wu, the
decrease of both transition temperature and enthalpy
change suggests that lipid polar-heads as well as
hydrocarbon chains regions were affected by the
studied compounds (16). The character of observed
changes (decrease of TM, ∆H and increase of T1/2)
allows to conclude also that interactions between
phospholipid molecules in the gel state became
weaker in the presence of studied analogues of oxi-
cams. 

Alteration of the gel phase of model mem-
branes by oxicam derivatives gives an improved pic-
ture when observed also by fluorescence spec-
troscopy. In spectroscopic measurements, we used
two fluorescence dyes Laurdan and Prodan which
are located in different membrane regions. In the
present work, quenching of fluorescence of Laurdan
and Prodan, by newly synthesized oxicam deriva-
tives, was investigated. According to Joseph
Lakowicz, if the molecular location of fluorescent
probe within the lipid bilayer is known, quenching
studies can be used to reveal the location of
quenchers in the membrane (17). It was found that
PR17 quenched the fluorescence of Prodan to a
higher extend than Laurdan in studied bilayers. It
suggested that the regions close to the surface of the
model membrane (where Prodan is located) were
more affected by the presence of PR17. In the con-
trary, PR18 affected the regions near phospholipid
glycerol backbones, where Laurdan is located. Also
in Figs. 6 and 7, the upward curvature of Stern-
Volmer plots of quenching both fluorescent probes
was noticed. It suggested that studied oxicam ana-
logues were quenching the fluorescence of Laurdan
and Prodan both by dynamic and static mechanism.
What is more, PR18 was identified as an effective
multidrug resistance (MDR) modulator in LoVo/Dx
multidrug-resistant colon cancer cells (data not
shown ñ in press). That would confirm, that
NSAIDs and related compounds, which induce the
changes in biophysical properties of model mem-
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branes, might also be used as adjuvant treatment to
anticancer therapy.

The difference between studied oxicam ana-
logues is the occurrence - in PR18 - or the lack of -
in PR17 - the carbonyl group in the side chain in
position 2 of the benzothiazine ring (see Scheme 1).
The presented experiments revealed that the car-
bonyl group increased the ability of the compound
(PR18) to interact with model membranes. It is also
possible that the occurrence of three-carbon mole-
cule chain in PR17, instead of two-carbon molecule
chain with the carbonyl group (PR18), may allow
the rotation of the side chain of molecule and chang-
ing of the shape of PR17 compound, which may
cause its worse diffusion into the lipid bilayers,
although this hypothesis requires further verifica-
tion. 

Another studies, employing lipids of various
headgroups are needed to fully understand the inter-
action of studied analogues of oxicams with model
membranes. 
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Nepafenac, 2-amino-3-benzoylbenzeneacet-
amide (NF3), is non-steroidal anti-inflammatory drug
(NSAID) formulated as an ophthalmic suspension.
Nepafenac is a pro-drug of amfenac, a highly effec-
tive nonselective cyclooxygenase COX-1 and COX-
2 inhibitor. It is used to prevent and treat ocular pain
and inflammation that can occur after cataract sur-
gery by reducing the production of prostaglandins in
the eye (1, 2). Recently, our new method for
nepafenac synthesis (Fig. 1.) and HPLC validated
procedure for its purity and assay determination has
been published (3, 4). To continue our studies on
nepafenac active pharmaceutical ingredient, the GC
and GC-HS methods for determination of organic
volatile impurities and residual solvents has been
elaborated and verified in validated analytical pro-

cedure. It is commonly known that residual solvents
in active pharmaceutical ingredient are used or pro-
duced in manufacturing process and may stem from
starting materials, reagents, intermediates, solvents
etc. or can be formed in degradation process. It is
assumed that the solvents and other volatile impuri-
ties may not be fully removable during API manu-
facturing. Therefore, their acceptable amounts are
recommended due to patient safety and elimination
of potential toxic risk (5, 6). Moreover, the presence
of the particular solvent in production process
effects the yield and quality of API and drug formu-
lation. Thus, the selection of the solvents may be
considered as one of the critical parameter of the
process. According to ICH Topic Q3C (R4)
Impurities: Guideline for Residual Solvents all sol-
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Abstract: The methods for controlling volatile impurities, including reagent and starting material, in Nepafenac
active pharmaceutical ingredient, are reported. The proposed methods were developed using gas chromatogra-
phy (GC) and gas chromatography with headspace injection (GC-HS) and validated according to the require-
ments of the ICH (International Conference of Harmonization) validation guidelines Q2R1 and the guideline
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Figure 1. Nepafenac synthesis: i) N-chlorophthalimide, 1,4-dichloromethane (DCM), triethylamine (TEA), 1 M KOHaq ii) Raneys type
nickel, acetone, 2-propanol
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vents are classified into four classes based on their
toxicity and potential environmental hazard (Class 1
ñ should be avoided; Class 2 ñ should be limited in
pharmaceutical products because of their inherent
toxicity; Class 3 ñ should be used only where it
would be impractical to remove them and Class 4 ñ
there is no adequate toxicological data and manu-
facturers should supply justification for the residual
levels of these solvents in pharmaceutical products). 

In the official monographs: USP (United States
Pharmacopeial Convention) and EP (European
Pharmacopoeia) there are no documents related to
nepafenac. There are also no references to GC stud-
ies for the determination of: residual solvents, TEA
and NF1A in active substance or purity control of
the starting material NF1A, except the GC method
disclosed for residual solvents in the patent docu-
ment (7). 

According to the method presented in this
patent, the analyses were carried out using the gas
chromatograph with FID, interfaced an auto-sampler
and chromatographic separations were performed on
the TRB-5 column. The main disadvantages of
revealed procedure was the long analysis time.

In the present study, the residual solvents in
nepafenac active substance were determined, using
gas chromatographic techniques with headspace
injection (GC-HS). For controlling the quality of the
starting material NF1A (Fig. 1.) and the level there-
of in final nepafenac API as well as triethylamine
residual reagent, the gas chromatography methods
with direct injection appeared to be more effective.
The all revealed validation results meet the require-
ments of the ICH (International Conference of
Harmonization) validation guidelines Q2R1 (5) and
the guideline for residual solvents Q3C (6). Our ana-
lytical studies include the following validated meth-
ods: the full validation of a GC-HS analytical
method for the determination of residual solvents
(Class 3: acetone, 2-propanol); the limited valida-
tions of GC-HS analytical methods for the determi-
nation of solvents (Class 2: dichloromethane,
methanol, toluene and Class 1: benzene); the limited
validations of GC methods with direct injection ana-
lytical for the determination of triethylamine (TEA)
and NF1A; the validation of the GC method with
direct injection to control the quality of the starting
material ñ NF1A (normalization method procedure).

MATERIALS AND METHODS

Chemicals and reagents 

The active substance ñ nepafenac was synthe-
sized at Pharmaceutical Research Institute

(Warszawa, Poland). The solvents and starting mate-
rial were purchased from commercial suppliers (ace-
tone, 2-propanol, methanol, dichloromethane and
toluene from POCH Avantor Performance Materials
Poland S.A. (Poland), benzene and triethylamine
from Fluka (Germany), N,N-dimethylacetamide from
Sigma-Aldrich (Germany), 2-(methylthio)acetamide
from Watson International Ltd. (China)).

Preparation of solutions and sample

All solutions were prepared directly before the
analysis. In the methods I, II, IV and V the blanks
were made up of N,N-dimethylacetamide (DMA);
in the method III blank solution was formed from
N,N-dimethylacetamide (DMA) and 1 mL of H2O;
and in the method VI the blank contained only
methanol.

Method I (Determination of acetone, 2-propanol)
The test solution was prepared by dissolving

the appropriate amounts of nepafenac in DMA to
obtain the concentration of 4%. The standard solu-
tion I was prepared by dissolving the appropriate
amounts of acetone and 2-propanol in DMA and
then dilution to reach 5000 µg/mL of acetone and 2-
propanol with respect to the sample preparation. The
standard solution II was prepared by diluting the
standard solution I to reach 500 µg/mL of acetone
and 2-propanol. 

Method II (Determination of methanol, dichloro-
methane and toluene)

The test solution was prepared by dissolving
the appropriate amounts of nepafenac in DMA to
obtain the concentration of 4%. The standard solu-
tion was prepared by dissolving the appropriate
amounts of methanol, dichloromethane and toluene
in DMA and dilution to reach 300 µg/mL of
methanol, 60 µg/mL of dichloromethane and 89
µg/mL of toluene with respect to the sample prepa-
ration. 

Method III (Determination of benzene)
The test solution was prepared by dissolving

the appropriate amounts of nepafenac in DMA to
obtain the concentration of 10%. The standard solu-
tion was prepared by dissolving the appropriate
amounts of benzene in DMA and dilution to reach
0.6 µg/mL with respect to the sample preparation. 

Method IV (Determination of triethylamine)
The test solution was prepared by dissolving

the appropriate amount of nepafenac in DMA to
obtain the concentration of 8%. The standard solu-
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tion was prepared by dissolving the appropriate
amount of triethylamine in DMA and dilution to
reach 500 µg/mL with respect to the sample prepa-
ration. The reference solution was prepared by
adding the standard solution to the sample.

Method V (Determination of 2-(methylthio)aceta-
mide)

The test solution was prepared by dissolving
the appropriate amount of nepafenac in DMA to
obtain the concentration of 8%. The standard solu-
tion was prepared by dissolving the appropriate
amount of 2-(methylthio)acetamide (NF-1A) in
DMA followed by dilution up to 500 µg/mL with
respect to the sample preparation. The reference
solution was prepared by addition the standard solu-
tion to the sample.

Method VI (Purity control of the starting material
NF-1A)

The test solution was prepared by dissolving
the appropriate amount of 2-NF-1A in methanol to
obtain the concentration of 10%. 

Chromatographic conditions

Methods: I, II and III were performed using the
Perkin Elmer CLARUS 500 gas chromatograph
with a flame ionization detector interfaced with a
Perkin Elmer headspace TURBOMATRIX 40 auto-
sampler. Chromatographic separations were per-
formed on a DB-624 column (phase composition:
6% cyanopropylphenyl ñ 94% dimethylpolysilox-
ane), film thickeness 1.8 µm, 60 m long and 0.32
mm ID. Method IV was carried out on the Shimadzu
GC-2010 gas chromatograph with a flame ionization
detector interfaced with a Shimadzu AOC-20i auto-
sampler. Chromatographic separations were per-
formed on a DB-624 column (phase composition:
6% cyanopropylphenyl ñ 94% dimethylpolysilox-
ane), film thickeness 1.8 µm, 60 m long, 0.32 mm
ID. The other two methods (V and VI) were con-
ducted on the same apparatus as Method IV, with
the difference being that DB-5 column was used for
chromatographic separations (phase composition:
(5% phenyl methylpolysiloxane ñ 95% dimethyl-
polysiloxane), film thickeness 1.0 µm, 30 m long,
0.32 mm ID)

Method I and Method II (Determination of ace-
tone, 2-propanol and methanol, dichloromethane,
toluene)

These two methods used the same oven tem-
perature programs: the initial temperature of 45OC

was maintained for 9 min after the injection; then, it
was ramped up at the rate of 10OC/min to 150OC and
ramped up again at the rate of 40OC/min to 240OC,
finally maintained for 3 min. The injection port tem-
perature was 240OC and the detector temperature
was 260OC. Nitrogen was used as the carrier gas at
100 kPa, split 5 : 1, attenuation ñ 5. The vial oven
temperature was set at 100OC for 30 min. The needle
temperature was 110OC, the transfer line was 120OC,
injection: 0.05 min.

Method III (Determination of benzene)
The oven temperature program was as follows:

the initial temperature 35OC was ramped up at the
rate of 2OC/min to 70OC and it was maintained for 2
min then, it was ramped up again at the rate of
40OC/min to 240OC and maintained for 6 min. The
injection port temperature was 240OC and the detec-
tor temperature was 260OC. Nitrogen was used as
the carrier gas at 100 kPa, split 3 : 1, attenuation ñ 5.
The vial oven temperature was set at 95OC for 30
min. The needle temperature was 110OC, the trans-
fer line was 120OC, injecton: 0.07 min. 

Method IV (Determination of triethylamine)
The oven temperature program was as fol-

lows: the initial temperature of 35OC; it was then
ramped up at the rate of 2OC/min to 70OC and main-
tained for 3 min then, it was ramped up again at the
rate of 40OC/min to 240OC and maintained for 10
min. The injection port temperature was 240OC and
the detector temperature was 260OC. Nitrogen was
used as the carrier gas at 100 kPa, split 5 : 1, injec-
tion 1 µL.

Method V (Determination of NF-1A)
The oven temperature program was as follows:

the initial temperature of 120OC; it was ramped up at
the rate of 10OC/min to 190 OC, then, ramped up
again at the rate of 30OC/min to 280OC and main-
tained for 10 min. The injection port temperature
was 260OC and the detector temperature was 290OC.
Nitrogen was used as the carrier gas at 50 kPa, split
10 : 1, injection 1 µL.

Method VI ( Purity control of the starting material
NF-1A)

The oven temperature program was as follows:
the initial temperature of 60OC; it was then ramped
up at the rate of 5OC/min to 260OC. The injection
port temperature was 260OC and the detector tem-
perature was 290OC. Nitrogen was used as the carri-
er gas at 50 kPa, split 20:1, injection 0.5 µL.
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Figure 2. The chromatograms of the specificity solution: A) methods I and II; B) method III; C) method IV; D) method V 
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RESULTS AND DISCUSSION

Method I (Determination of acetone, 2-propanol

ñ full validation procedure)

In this study, the HS-GC analytical method
was developed and validated for the quantitative
determination of acetone and 2-propanol i.e., the
solvents used in the last step of the nepafenac syn-
thesis. The method selectivity, limits of detection
and quantitation, linearity, range, precision (system
repeatability), recovery and robustness (changes in

the GC conditions) were determined in conse-
quence. 

Specificity 
The following solvents were used during the

synthesis of nepafenc: acetone, 2-propanol,
methanol, dichloromethane, toluene, triethylamine
and a potential contaminant of acetone ñ benzene.
The specificity of the method was evaluated by
injecting the specificity solution containing the sol-
vents from the synthesis route. The method was spe-

Table 1. Results of the method I ( linearity, precision, SST, accuracy).

Parameters Acetone 2-Propanol

Linearity of the method  

Precision  

Results of the 
precision 

SD % 2.81% 2.60%

Results of 6 
independent RSD % 4.98% 2.57%  

reference solutions 

Results of 6 
independent 

reference solutions RSD % 2.54% 2.28%  
intermediate 

precision 

F-Snedecor test F 3.31 1.10

System precision (SST)

The solution RSD%

containing Peak area 
1.66% 1.52%

5000 µg/mL of the RSD%
analytes Retention time (min) 

0.018% 0.017%

The solution RSD%
containing Peak area 

4.07% 4.14%

500 µg/mL of the RSD%
analytes Retention time (min) 

0.027% 0.023%

Accuracy

Recovery [%] 105.33 108.63

RSD [%] 2.81 2.72

CI ñ 1.88 1.88

R ñ correlation coefficient, ta , tb , tr , tkr ñ parameters of Studentís t-test, Sa, Sb ñ standard deviation of a and b, CI ñ confidence interval,
RSD ñ relative standard deviation, F ñ parameters of Snedecorís F-test, SST ñ system suitability test. 

Statistical parameters 
of regression

R
R2

y-intercept (b)
Sb

tb, exp.

Slope (a)
Sa

ta, exp.

tkr = 3.18 (α = 0.05, n=5)

y = ax + b

0.9998
0.9995
1504.6
3685.08

0.41
77.819
0.986
78.95

tr = 77.22
y = 77.819x + 1504.6

1.0000
0.9999
ñ1218.3
423.05
ñ2.88
21.852
0.113
193.02

tr = 173.2
y = 21.852x ñ 1218.3 
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cific for residual solvents (resolution Rs = 1.5;
methanol/acetone ñ 27.28, acetone/2-propanol ñ
2.90, 2-propanol/dichloromethane ñ 8.01, dichloro-
methane/benzene ñ 51.08, benzene/triethylamine ñ
1.75, triethylamine/toluene ñ 39.66, toluene/DMA ñ
28.21). Spiking the sample with the analyte did not
cause the peak splitting and the retention times
remained the same as for the corresponding peak
from the test solution (Fig. 2.).

Linearity and range 
The linearity of the method was evaluated by

analyzing five solutions ranging in concentrations
from about 500 to 6000 µg/mL with respect to sam-
ple preparation. All concentrations were prepared in
triplicate and the average was reported. The method
is linear within a wide range for the solvents includ-
ed in the validation; acceptance criteria (R2 = 0.990,
y = ax + b , ta = tkr, | tb | < tkr , | tr | > tkr (α = 0.05, n ñ
2)) were confirmed. The plot of the concentration
versus the response, the correlation coefficient, y-
intercept and slope of the regression line were cal-
culated and are presented in Table 1. 

Precision
The precision of the method was established as

repeatability, system and intermediate precision.
Repeatability was performed by measuring triplicate
independent preparations of four solutions ñ sample
spiked with the analytes at 500, 2500, 5000 and 6000
µg/mL with respect to the sample preparation; 3 test
solutions and 6 independent solutions ñ sample
spiked with the analytes at about 5000 µg/mL with
respect to the sample preparation, then the relative
response (the relation of peak area to mass) was cal-
culated. The intermediate precision was repeated on
a different day by a different analyst by measuring 6
independent solutions ñ sample spiked with the ana-
lytes at about 5000 µg/mL with respect to the sample
preparation, then the relative response (the relation
of peak area to mass) was calculated. The compari-
son of the repeatability results and intermediate pre-
cision were performed using the F-Snedecor test.
The results are expressed as a relative standard devi-
ation (RSD%) and summarized in Table 1 and all cri-
teria were fulfilled (RSD = 15%, F = Fkr (α = 0.05, f1

= n1 ñ 1, f2 = n2 ñ 1) Fkr = 5.05 (n = 6)).

SST (system suitability test)
The system suitability test involves the exami-

nation of the system precision and resolution. The
system precision was established by measuring the
response of six replicate injections of the standard
solution I and six replicate injections of the standard

solution II. The results are presented as a relative
standard deviation (RSD%) for the peak area and
retention time (Table 1) and these were below 10%
(peak area) and 1% (retention time).

Limit of quantitation (LOQ) and limit of detection
(LOD)

The limit of quantitation (LOQ) and limit of
detection (LOD) were evaluated by using the stan-
dard solutions containing the known low concentra-
tions of solvents. The concentration which generat-
ed the peak about 10 times as high as the noiseís
height was stated as LOQ (acetone ñ 28 µg/mL, 2-
propanol ñ 90 µg/mL). The concentration which
generated the peak about 3 times as high as the
noiseís height was stated as LOD (acetone ñ 9
µg/mL, 2-propanol ñ 35 µg/mL). 

Robustness
The robustness of the method was evaluated by

injecting the specificity solution to ensure the sepa-
ration of all the solvents from synthesis route with
the use of different chromatographic conditions. The
following parameters were tested: column tempera-
ture ± 5OC, rate ± 1OC/min, carrier gas pressure ±
10% and constant temperature time ± 1 min. The
smallest resolution (Rs) was obtained between ben-
zene and triethylamine Rs = 1.53 at carrier gas pres-
sure 90 kPa. The changes in analytical conditions
did not influence the resolution significantly and the
method was robust. 

Accuracy 
The accuracy of the method was established by

assaying 12 sample solutions (triplicate independent
preparations of four solutions ñ sample spiked with
the analytes at 500, 2500, 5000 and 6000 µg/mL of
the specification limit). The results of the recovery,
relative standard deviation (RSD%) and confidence
interval (CI) are presented in Table 1. The accept-
able criteria were set up as the RSD value below
15% and the recovery: 80ñ120%.

Method II (Determination of methanol,

dichloromethane and toluene ñ limited validation

procedure)

The control of residual methanol, dichloro-
methane and toluene in nepafenac by GC-HS
method was elaborated as a limit test procedure,
because these solvents were used prior to the last
step in the synthesis and were not detected in the
tested batches of the substance. The validation of
this method included the examination of specificity,
detection limit and additionally system precision.
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Specificity
The specificity of the method was evaluated by

injecting the specificity solution consisting of the
solvents from the synthesis route (Fig. 2). The
method was specific for residual solvents (Rs = 1.5,
methanol/acetone ñ 27.28, acetone/2-propanol ñ
2.90, 2-propanol/dichloromethane ñ 8.01, dichloro-
methane/benzene ñ 51.08, benzene/triethylamine ñ
1.75, triethylamine/toluene ñ 39.66, toluene/DMA ñ
28.21).

SST (system suitability test)
The system precision was established by measur-

ing the response of six replicate injections of the SST
solution with the solvents at 300 µg/mL of methanol,
60 µg/mL of dichloromethane and 89 µg/mL of toluene
with respect to the sample preparation. Results were
presented as a relative standard deviation (RSD%) for
the peak area (methanol ñ 1.46%, dichloromethane ñ
6.05%, toluene ñ 5.35%) and retention time (methanol
ñ 0.025%, dichloromethane ñ 0.023%, toluene ñ
0.010%) and these were below 10% (peak area) and
1% (retention time).

Limit of detection (LOD)
The prepared solutions containing known low

concentrations of solvents were injected into a chro-
matograph. The concentration which generated the
peak about 3 times as high as the noiseís height was
stated as LOD (methanol ñ 28 µg/mL,
dichloromethane ñ 25 µg/mL, toluene ñ 8 µg/mL). 

Method III (Determination of benzene)

The validation of this method (limit test proce-
dure) included the examination of the specificity,
system precision and the detection limit. Benzene
was not used during the synthesis but it is common-
ly considered as a potential contaminant of acetone
and toluene. In the tested batches of nepafenac ben-
zene was not detected.

Specificity
The specificity of the method was evaluated by

injecting the specificity solution consisting of the sol-
vents from the synthesis route (Fig. 2). The method was
specific for residual solvents (Rs = 1.5, methanol/acetone
ñ 23.81, acetone/2-propanol ñ 3.01, 2-propanol/
dichloromethane ñ 7.49, dichloromethane/benzene ñ
53.06, benzene/triethylamine ñ 2.65, triethylamine/
toluene ñ 36.44, toluene/DMA ñ 47.59). 

SST (system suitability test)
The system precision was established by meas-

uring the response of six replicate injections of the

solution with benzene at the level of 0.6 µg/mL, with
respect to the sample preparation. The results were
presented as a relative standard deviation (RSD%)
for the peak area and retention time and were:
RSD% (peak area) ñ 4.54%; , RSD% (retention
time) ñ 0.033%, respectively to acceptance criteria
(RSD = 10% ñ peak area, RSD = 1% retention time). 

Limit of detection (LOD)
The prepared samples containing known low

concentrations of benzene were injected into a chro-
matograph. The concentration which generated the
peak about 3 times as high as the noiseís height was
stated as LOD. In this method LOD was found as
0.2 µg/mL, with respect to the sample preparation. 

Method IV (Determination of triethylamine)

The validation of a GC analytical method
(limit test procedure) with direct injection for the
determination of TEA involved the examination of
the specificity, system precision as well as the detec-
tion limit, because triethylamine was used during
the synthesis but not detected in the tested batches of
nepafenac. 

Specificity
The specificity of this method was examined

by the use of the specificity solution. The specifici-
ty solution consists of the solvents from the synthe-
sis route: acetone, 2-propanol, methanol,
dichloromethane, toluene, triethylamine and ben-
zene. The parameter measured included the resolu-
tion (Rs) and it was higher than 1.5 (methanol/ace-
tone ñ 27.45, acetone/2-propanol ñ 3.34, 2-pro-
panol/dichloromethane ñ 7.22, dichloromethane/
benzene ñ 54.26, benzene/triethylamine ñ 2.71, tri-
ethylamine/toluene ñ 38.27, toluene/DMA ñ 12.91).
The chromatogram of this solution is shown in
Figure 2.

Limit of detection (LOD)
The determination of the signal-to-noise was

performed by comparing the measured signals from
the prepared samples containing known low concen-
trations of TEA with those of the blank samples and
establishing the minimum concentration at which
TEA can be reliably detected. The concentration
which generated the peak about 3 times as high as
the noiseís height was stated as LOD and it amount-
ed to 4 µg/mL (substance).

SST (system suitability test)
The system suitability test was analyzed by

measuring the response of six replicate injections of
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the reference solution (TEA at the level of 500
µg/mL, with respect to the sample preparation). The
results were presented as a relative standard devia-
tion (RSD%) for the peak area and retention time
and were: RSD% (peak area) ñ 0.96%; RSD%
(retention time) ñ 0.017%, respectively to accept-
ance criteria (RSD = 10% ñ peak area, RSD = 1%
retention time).

Method V (Determination of NF-1A)

The method was validated for the examination
of the specificity, system precision as well as the
detection limit (limit test procedure), because NF-
1A was used during the synthesis but not detected in
the tested batches of nepafenac.

Specificity
The specificity of this method was examined

by the use of the specificity solution. The specifici-
ty solution consists of the solvents from the synthe-
sis route: acetone, 2-propanol, methanol,
dichloromethane, toluene, triethylamine and a
potential contaminant of acetone ñ benzene. The
parameter measured included the resolution (Rs)
and it was higher than 1.5 (methanol + acetone + 2-
propanol + dichloromethane + benzene + triethy-
lamine + toluene + DMA /NF1A ñ 8.38). The chro-
matogram of this solution is shown in Figure 2.

Limit of detection (LOD)
The determination of the signal-to-noise is per-

formed by comparing the measured signals from the
prepared samples containing known low concentra-

tions of NF-1A with those of the blank samples and
establishing the minimum concentration at which
NF-1A can be reliably detected. The concentration
which generated the peak about 3 times as high as
the noiseís height was stated as LOD and it was 180
µg/mL (substance). 

SST (system suitability test)
The system precision was established by meas-

uring the response of six replicate injections of the
reference solution (NF-1A at level 500 µg/mL, with
respect to the sample preparation). The results were
presented as a relative standard deviation (RSD%)
for the peak area and retention time and were:
RSD% (peak area) ñ 3.95%; RSD% (retention time)
ñ 0.031%, respectively to acceptance criteria (RSD
= 10% ñ peak area, RSD = 1% retention time).

Method VI ( Purity control of the starting materi-

al NF-1A)

The gas chromatography method with direct
injection was applied to control the quality of this
material. The validation of this method (normaliza-
tion method procedure) included tests of the speci-
ficity, detection limit, linearity and range at the area
normalization. 

Specificity
The specificity of this method was examined

by the use of the test solution. The parameter meas-
ured included resolution (Rs) and it was higher than
1.5 (methanol/impurity 1 ñ 7.6, impurity 1/impurity
of methanol ñ 6.1, impurity of methanol/impurity 2

Figure 3. The chromatogram of test solution ñ method VI
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ñ 52.8, impurity 2/impurity 3 ñ 2.3, impurity 3/NF-
1A ñ 14.4, impurity 4 ñ on the tail of the main peak).
The chromatogram of this solution is shown in
Figure 3.

Limit of detection (LOD)
The solutions of different lowering concentra-

tions of the examined substance were injected into a
chromatograph. The concentration which generated
the peak about 3 times as high as the noiseís height
was stated as LOD. In this method LOD was 0.05%.

Linearity 
The linearity of the method was evaluated by

analyzing the solutions ranging in concentrations
from about 5 to 120% of the test solution. The
method is linear within this range and acceptance
criteria [R2 = 0.990, y = ax + b , ta = tkr, | tb | < tkr , | tr |

> tkr (α = 0.05, n ñ 2)] were confirmed. Two replicate
injections were made for each concentration and the
average result was reported. The correlation coeffi-
cient, y-intercept and slope of the regression line
were calculated (Table 2). 

Table 2. Results of the method VI ( linearity and range of the area normalization method).

Parameters 2-(methylthio)acetamide

Linearity of the method 

Range of the area normalization method

Solution 
Concentration Impurity 1  Impurity 2  Impurity 3 NF-1A

(% of test solution) [%] [%] [%] [%]

1 120% 0.046 0.017 0.041 99.895
0.046 0.017 0.044 99.894

2 100% 0.047 0.016 0.043 99.894
0.045 0.016 0.042 99.897

3 50% 0.045 0.014 0.037 99.904
0.044 0.015 0.037 99.905

4 10% 0.017 0 0.025 99.958
0.012 0 0.025 99.964

Mean 0.038 0.012 0.037 99.914

SD 0.014 0.007 0.008 0.029

RSD 36.84% 58.33% 21.62% 0.03%

1 120% 0.046 0.017 0.041 99.895
0.046 0.017 0.044 99.894

2 100% 0.047 0.016 0.043 99.894
0.045 0.016 0.042 99.897

3 50% 0.045 0.014 0.037 99.904
0.044 0.015 0.037 99.905

Mean 0.046 0.016 0.041 99.898

SD 0.001 0.001 0.003 0.005

RSD 2.17% 6.25% 7.32% 0.005%  

R ñ correlation coefficient, ta , tb , tr , tkr ñ parameters of Studentís t-test, Sa, Sb ñ standard deviation of a and b.

Statistical parameters of

regression

R
R2

y-intercept (b)
Sb

tb, exp.

Slope (a)
Sa

ta, exp.

tkr = 3.18 (αα = 0.05, n=5)

y = ax + b 

0.9997
0.9994
ñ20968
117209
ñ0.18

108419
1588
68.26

tr = 70.70
y = 108419x ñ 20968 
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Range of the area normalization method

The range of the area normalization method
was evaluated by analyzing the solutions ranging in
concentrations from about 120 to 10% of the test
solution. Two replicate injections were made for
each concentration. The acceptance criteria of this
method: RSD = 15% for impurities; RSD = 0.05%
for NF-1A were suitable for its intended purpose.
The results of the assay (%) of the impurities and
NF-1A, the mean, standard deviation (SD) and rela-
tive standard deviation (RSD%) are presented in
Table 2.

DISCUSSION AND CONCLUSION

In the present report, a simple, rapid, sensitive,
reliable, specific, accurate and precise GC methods
for the determination of residual solvents (acetone,
2-propanol, methanol, toluene, dichloromethane,
benzene), reagent (triethylamine) and starting mate-
rial (2-(methylthio)acetamide) in nepafenac API
batches and purity of starting material (NF-1A) were
developed and validated. The complete validation of
the GC-HS method to control the presence of sol-
vent from the final synthetic step, acetone and 2-
propanol, in nepafenac API was performed. The
method turned out to be specific, accurate, linear,
precise and the solvents were detected and quanti-
fied at a µg/mL level. Similarly, GC-HS limit test
procedure for the solvents used in manufacturing
process but not observed in nepafenac batches, i.e.,
methanol, dichloromethane, toluene and benzene as
the potential contaminant of acetone, demonstrated
adequate specificity, precision and allowed for the
µg/mL detection. In course of triethylamine
(reagent) and starting material NF-1A evaluation in
nepafenac batches it was shown that GC analytical
method with direct injection is suitable for its
intended purpose i.e., limit test procedure. The satis-
fying results were achieved for the purity control of

the starting material NF-1A. In conclusion, all the
parameters for the demonstrated analytical methods
fall within the expected limits, therefore, GC-HS
and GC methods can be used for the routine QC
analysis of nepafenac API. 
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Bioresorbable, aliphatic polyesters are known
in medicine where serve as orthopedic devices (e.g.,
rods, pins and screws) or sutures and staples in
wound closure. These materials are extensively
studied as scaffolds ñ three-dimensional structures
for tissue engineering but also drug delivery sys-
tems. They possess many desirable features as
biodegradation to non-toxic products, biocompati-
bility and easy manufacturing/processing (1).
Furthermore, it was established that some of aliphat-
ic polyesters and polyestercarbonates have the abil-
ity to recover from temporary to permanent shape
upon external stimulus such as temperature or irra-
diation. Shape-memory effect may be utilized in
minimally invasive surgery when deformed device
is implanted through natural orifices or small inci-
sions, e.g., cardiovascular stents (2, 3). 

Controlled drug delivery systems (CDDS) pos-
sess many advantages when compared to conven-
tional dosage forms. They provide even, local or
systemic, release profile of drug for a determined
period of time, help to reduce or avoid side effects
and, what is more important, increase patient com-
fort during the treatment (4). 

Paclitaxel (Taxolô, PTX), a plant-derived
anti-cancer and anti-restenotic agent, has been orig-
inally isolated from the bark of Taxus brevifolia. Its
anti-proliferative activity is due to the inhibition of
microtubule depolymerization, which results in a
suppression of cell cycle and leads to apoptosis.
PTX is widely used as an antineoplastic agent
against breast, ovarian, lung, head, colon cancer and
Kaposiís sarcoma but also as an anti-restenotic drug
eluted from cardiovascular stents (Taxusô, Boston
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Scientific). Highly hydrophobic nature of paclitaxel
promotes its cellular uptake but presents substantial
formulation challenges, especially concerning dura-
tion and rate of drug release (5, 6). Copolymers of
L-lactide and ε-caprolactone may be interesting as
alternative materials for paclitaxel delivery.

Poly(L-lactide) (PLLA) constitutes one of the
most intensively studied polymers for a wide range
of applications, including packaging, agriculture
and disposable materials as well as medical devices
or scaffolds for tissue regeneration (7). PLLA char-
acterizes good mechanical properties but even
though the polymer loses its strength in approxi-
mately 6 months when degraded in vitro. Therefore,
in order to modify its mechanical features and also
rate of degradation, PLLA is often blended with
other polymers as poly(ethylene glycol) (PEG), col-
lagen, chitosan or copolymerized with e.g., D,L-lac-
tide or glycolide. Poly(ε-caprolactone) (PCL), a
semicrystalline polyester with high drug permeabil-
ity and good organic solvent solubility, is known as
a polymer with slow degradation rate. It was applied
as a contraceptive implant delivering levonorgestrel
(CapronorÆ). PCL has a glass transition temperature
of ñ54OC, low tensile strength and an extremely high
elongation at breakage (4700%) (8). Copolymers of
L-lactide with ε-caprolactone are obtained to meet
requirements, dependent on application, for physico-
chemical and mechanical properties that influence
degradation and drug release rate. It was reported
that some of poly(L-lactide-co-ε-caprolactone)s
(PLACap) possess shape-memory property and may
be also considered as drug delivery systems (9, 10). 

The aim of this study was to determine the
release profile of paclitaxel from biocompatible
PLACap that seems to be very attractive especially
for minimally invasive surgery due to its potential
shape-memory property. The influence of drug on
copolymer hydrolytic degradation was also ana-
lyzed. 

EXPERIMENTAL

Poly(L-lactide-co-ε-caprolactone) was synthe-
sized with the use of Zr(Acac)4 as a low toxic initia-
tor of the ring-opening polymerization. The reaction
was performed at 150OC for 25 h with the initiator to
monomer molar ratio (I/M) of 1/1100. Paclitaxel
(PTX) was purchased from LC LaboratoriesÆ. 

Appropriate amount of PLACap and drug were
dissolved separately in methylene chloride. Then,
the two solutions were mixed, degassed under
reduced pressure and cast on Teflon plates. All films
were dried at ambient temperature and then under

reduced pressure. Ten millimeters discs were cut
from the films. The matrices without drug were
obtained analogously. 

Three kind of matrix: 0, 3 and 5% of PTX was
hermetically packed and irradiated with the use of
electron beam. The weighted matrices were
immersed in phosphate buffered saline (PBS, pH
7.4) and incubated at 37OC under constant shaking
for 15 weeks. Medium was renewed once a week
and collected for HPLC analysis. At predetermined
time points, each type of matrix was withdrawn,
washed with distilled water, weighted then dried
under reduced pressure until constant weight. Water
uptake and weight loss were calculated according to
the following equations:
Water uptake (%) = [(Wwet ñ Wdry)/Wdry] ◊ 100 (1)
Weight loss (%) = [(W0 ñ Wdry)/W0] ◊ 100 (2)
where Wwet = the weight of wet sample after with-
drawn, Wdry = the weight of dried sample, W0 = the
initial weight of sample before degradation.

NMR spectroscope (AVANCE II Ultra Shield
Plus, 600 MHz, Bruker) was employed to record 1H
spectra of copolymers in order to characterize
comonomers composition and chain microstructure.
The number average molecular weight (Mn) and
molecular mass dispersity (D) were defined by
means of gel permeation chromatograph (GPC,
Physics SP 8800 chromatograph). The glass-transi-
tion temperature Tg, melting temperature Tm and
melting enthalpy ∆Hm were determined with the use
of differential scanning calorimetry (DSC, TA DSC
2010, TA Instruments, New Castle, DE). The matri-
ces were scanned from of ñ50OC to 200OC with the
heating rate of 20OC/min) then quenched to ñ100OC
in liquid nitrogen and scanned again. DSC was cali-
brated with high purity gallium and indium stan-
dards. 

High-performance liquid chromatography
(VWR-Hitachi LaChrom EliteÆ) was used to assess
amount of paclitaxel released into PBS.
Measurements were carried out with the use of
LiChrospherÆ RP-18 column (250 ◊ 4 mm, 5 µm)
and guard column LiChrospherÆ RP-18 column (4 ◊
4 mm, 5 µm). The mobile phase consisted of ace-
tonitrile and water (60 : 40, v/v) with the flow rate
of 1 mL/min. Paclitaxel was detected at 227 nm in
the presence of internal standard ñ docetaxel (LC
LaboratoriesÆ). 

RESULTS AND DISCUSSION

Copolymer of L-lactide and caprolactone
(PLACap) was synthesized in order to prepare
matrices for controlled paclitaxel delivery as well as
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drug free matrices. Table 1 presents molecular char-
acteristic of PLACap. The comonomer molar ratio
was 87 : 13 with the average length of lactidyl and
caproil blocks of 5.6 and 3.0, respectively. Mn was
38600 g/mol with the dispersity index (D) of 2.3.
PLACap was semicrystalline, the glass transition
temperature Tg = 35.5OC and melting temperature Tm

= 134OC (∆Hm = 20 J/g). Signals shown in 1H-NMR
spectrum (Fig. 1) were assigned to the lactidyl and
caproil units. 

Degradation process of matrices with and with-
out paclitaxel was monitored by measuring water
uptake and weight loss. It was established that water
uptake is one of the initial step during hydrolytic
degradation. Water molecules penetrate amorphous
regions and lead to cleavage of ester bonds in the
polymer chains (11). The water uptake of all matri-
ces was almost the same during 12 weeks. After 15
weeks of incubation, drug free matrix exhibited the
highest water uptake of 31%, while water uptake of

Figure 1. 1H-NMR spectrum of poly(L-lactide-co-ε-caprolactone) recorded in CDCl3

Table 1 Characterization of copolymer applied to obtain matrices.

FLL FCap le
LL le

Cap

Tg Tm ∆Hm Mn DPoly(L-lactide-co- (OC)1 (OC)2 (J/g)2 (g/mol)
Â-caprolactone)

87 13 5.6 3.0 35.5 139 20 38 600 2.3

FLL, FCap ñ the percentage content of lactidyl and caproil units; le
LL, le

Cap ñ the average length of lactidyl and caproil blocks; Tg ñ glass tran-
sition temperature; Tm ñ melting temperature; ƒHm ñ melting enthalpy; Mn ñ number average molecular mass; D ñ dispersity index 
1 ñ data obtained from the second DSC scan; 2 ñ data obtained from the first DSC scan.

Figure 2. Water uptake of matrices during degradation
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matrices with PTX reached 17 and 18% for matrix
with 3 and 5% of PTX, respectively (Fig. 2). Weight
loss of matrices is an effect of water-soluble
oligomers and monomers release from the polymer
bulk (12). The matrices with 3% and 5% of PTX lost
their weight steadily to attain 29% after 15 weeks
(Fig. 3). For matrix without drug, the weight loss
profile was more unstable. Two rapid increases of

weight loss was noticed after 9 weeks (from 3 to
18%) and 15 weeks (from 20 to 43%).

1H-NMR spectra of PLACap were recorded in
order to assess comonomer composition as well as
the average length of lactidyl (leLL) and caproil (leCap)
blocks. The lactidyl units content increased and
caproil units content decreased along with degrada-
tion. However, those changes were relatively small

Figure 3. Weight loss of matrices during degradation

Figure 4. Changes of number average molecular weight Mn of matrices with and without PTX during degradation 

Table 2. Changes in Tg of matrices during degradation.

Type of matrix Degradation time (week)

3 6 9 12 15

0% PTX 32.5 28 24 26 35

3% PTX 34.5 28 25 25 29

5% PTX 33 28 27 24 30
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since after 15 weeks comonomer molar ratio
reached 90 : 10 (LA : Cap) for all matrices. The
average lengths of caproil blocks remained stable
during incubation. The leLL decreased after 3 weeks,
then increased gradually until 12 week in case of
drug-containing matrices or 15 week for drug free
matrix. A decrease of leLL was observed at 15 week
for both matrices with drug.

The changes in Mn and dispersity index (D)
during degradation were followed by means of
GPC. The highest Mn decrease was observed after 3
and 6 weeks in case of all types of matrices. After 15
weeks, Mn of drug free matrix was slightly lower
than matrices with paclitaxel (Fig. 4). Dispersity
index decreased after 3 weeks from initial 2.3 to 1.9,
then increased to 2.0 after 6 weeks and decreased
steadily to reach 1.9 (drug free matrix) and 1.7 (both
matrices with PTX) after 12 weeks. It was previous-
ly reported that D decrease arises from scission of
the polymer chains while its increase from release of
soluble degradation products (13). 

Thermal properties of matrices were analyzed
with DSC. Table 2 shows changes of the glass tran-
sition temperature during degradation. In case of
PTX containing matrices, Tg decreased steadily for
12 weeks and then increased to reach 29OC (3%
PTX) and 30OC (5% PTX). Tg of drug free matrix
started to increase after 6 weeks and attain 35OC.
The increase of Tg may be attributed to the release of
degradation products what corresponded to D
decrease. First DSC scan revealed also melting tem-
perature Tm that slightly decreased to 130OC after 15
weeks. It was assumed that PLACap matrices con-
tained one type of crystalline form composed main-
ly of lactidyl units. The melting enthalpy ∆Hm

increased from 20OC to 29OC for all matrices. This
findings may be due to degradation of chains within
amorphous regions and following crystallization,
which was reported elsewhere (14). The ∆Hm

increase was related with the leLL and probably
resulted from crystallization of long lactidyl blocks
and degradation of short ones.

HPLC allowed to evaluate the amount of pacli-
taxel released from PLACap matrices. Both types of
matrices provided even PTX release during degra-
dation. It was noticed that PLACap matrices with
3% of PTX released less drug than matrices with 5%
of PTX. After 15 weeks, 8.1% and 9.6% of PTX was
released from matrices with 3% and 5% of PTX,
respectively (Fig. 5). 

The conducted study revealed regular degrada-
tion of matrices, regardless paclitaxel content,
although degradation of drug-containing matrices
was slightly slower than matrices without drug.
Results of this work demonstrate the advantages of
bioresorbable copolymer as material for controlled
paclitaxel delivery. 

CONCLUSION

The matrices of poly(L-lactide-co-ε-caprolac-
tone) were degraded in vitro and studied for changes
in physicochemical properties and paclitaxel
release. The most noticeable was higher values of
water uptake and weight loss for drug free matrices
than matrices with PTX. Although paclitaxel did not
affect significantly the physicochemical properties
of PLACap during degradation when compared to
drug free matrices, it seemed that PTX slightly
slowed degradation rate of copolymer. Different

Figure 5. Cumulative release profiles of PTX from the matrices during degradation
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percentage content of PTX in PLACap matrices may
be applied to design paclitaxel delivery systems tai-
loring specific clinical indications. 
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Breast cancer is the second most frequent
cause of cancer related death in women in developed
countries with over 1.67 million cases diagnosed
worldwide in 2012 (1). It is recognized that in
15ñ20% of patients breast cancer exhibits an over-
expression of the epidermal growth factor receptor 2
(HER2), which is associated with a more aggressive
course of the disease (2). Lapatinib acting as a tyro-
sine kinase inhibitor is able to inhibit the HER2
receptors and therefore remains a valuable choice of
treatment of the HER2-positive carcinoma. The
addition of lapatinib to capecitabine in the treatment
of HER2-positive advanced breast cancer signifi-
cantly improves the median time to progression by
8.5 weeks. However, the estimated cost of introduc-
ing this tyrosine kinase inhibitor to the combination
therapy is nearly $20,000 per patient (3).
Considering the need for pharmaco-economic can-
cer treatments, it is essential to develop reliable and
sensitive bioanalytical method for lapatinib determi-
nation in human plasma in order to conduct bioe-
quivalence studies of new generic drug products.

Lapatinib is available as 250 mg tablets. After
the oral administration of a single 250 mg dose,
maximum lapatinib plasma concentrations occur
within 3 to 6 h (mean 4 h) and range from 192

ng/mL to 524 ng/mL (mean ñ 317 ng/mL) (4).
According to the European Medicines Agency
guideline (5), a method designed for the application
in bioequivalence studies should allow to assess
maximum drug concentrations and analyze the area
under the plasma concentration curve from the
administration to the last observed concentration at
a time t, AUC(0-t), which covers at least 80% of the
area extrapolated to the infinity time, AUC(0-∞).
Taking into account the above recommendations
and available pharmacokinetic data (4), the linearity
range of 5.00ñ800.00 ng/mL seems to be suitable for
bioequivalence studies. 

Presently, several methods based on tandem
mass spectrometry coupled with high-performance
liquid chromatography (6ñ13), ultra-performance
liquid chromatography (14) or without the separa-
tion technique (15) have been reported for lapatinib
quantification in human plasma or serum samples.
They were linear in the concentration ranges of
1ñ1000 ng/mL (6), 5ñ5000 ng/mL (8, 13), 10ñ5000
ng/mL (14), 20ñ10000 ng/mL (12), 25ñ10000
ng/mL (15), 50ñ3500 ng/mL (11), 50ñ5000 ng/mL
(9), 100ñ5000 ng/mL (10) and 100ñ10000 ng/mL
(7). However, a majority of the reported methods
were designed for the measurement of lapatinib fol-
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lowing higher doses used in routine clinical practice.
Hence, only three methods seem to be sensitive
enough for pharmacokinetic studies following a 250
mg dose (6, 8, 13). The triple quadrupole detector
was also used for the determination of intracellular
levels (16). A high cost of the instrumentation is the
main limitation of these assays, making them unat-
tainable to many routine biomedical laboratories.
The application of ultraviolet detection was present-
ed during the American Association for Cancer
Research 103rd Annual Meeting. However, the
poster presentation did not provide details concern-
ing this assay (17). To the best of our knowledge, no
method using a single quadrupole mass spectromet-
ric detector has been reported for lapatinib quantifi-
cation in human plasma so far.

The most widely employed sample preparation
methodology was the precipitation of proteins (PP)
(8, 9, 11, 12, 15). In spite of the high throughput of
PP, large amounts of residual endogenous com-
pounds may significantly contaminate instrumenta-
tion, especially if thousands of samples are to be
measured. A more effective sample cleanup can be
achieved by a solid-phase (7, 14) and liquid-liquid
extraction (13). Solid-phase extraction methods,
though very effective, significantly increase the cost
of sample analysis and with high sample load they
may require automated solution handling in order to
obtain suitable sample throughput. Another alterna-
tive is the application of special on-line extraction
columns (6, 10). However, this technique is avail-
able only to more complex equipment setups.
Therefore, the liquid-liquid extraction seemed to be
most practical for the present study.

The aim of the present study was to develop
and validate a sensitive liquid chromatographic-sin-
gle quadrupole mass spectrometric method for the
determination of lapatinib in human plasma suitable
for pharmacokinetic studies following a single 250
mg oral dose.

EXPERIMENTAL

Chemicals and reagents

Reference standards: lapatinib, N-[3-chloro-4-
[(3-fluorophenyl)methoxy]phenyl]-6-[5-[[[2-
(methylsulfonyl)ethyl]amino]methyl]-furan-2-
yl]quinazolin-4-amine, as ditosylate monohydrate
(CAS number: 388082-78-8) was synthesized at the
Pharmaceutical Research Institute (Warszawa,
Poland) (18), [13C,2H7]-lapatinib was supplied by
Alsachim (Strasbourg, France). 

Methanol (HPLC and LC/MS grade), sodium
carbonate and formic acid 98ñ100% (both of analyt-

ical grade) were purchased from POCH (Gliwice,
Poland). Methyl t-butyl ether (HPLC grade) was
obtained from Chem-Lab (Zedelgem, Belgium).
Acetonitrile (HPLC and LC-MS grade) and 25%
ammonium hydroxide solution (analytical grade)
were purchased from J.T.Baker (Deventer,
Netherlands). Purified water from Milli-Q system,
Millipore (Molsheim, France), was used throughout
the study.

Instrumentation

The Shimadzu LC/MS system (Duisburg,
Germany), consisting of two LCñ10ADVP pumps,
an SILñHTA autosampler, a CTOñ10A column
oven, a DGUñ20A3 degasser and an LCMSñ2010
single quadrupole mass spectrometer, was used for
lapatinib determination in human plasma. Data inte-
gration was performed with Shimadzu LCMS
Solution software (version 2.05). 

Chromatographic conditions

The chromatographic separation from endoge-
nous compounds was performed on a Zorbax SB-
C18 column (150 ◊ 3 mm, 3.5 µm) from Agilent
Technologies (Santa Clara, CA, USA). The HPLC
column was preceded by a SecurityGuard C-18
guard column (4 ◊ 3 mm) purchased from
Phenomenex (Torrance, CA, USA). The mobile
phase, consisting of 10 mM formic buffer pH 4.0
(phase A) and acetonitrile/methanol/formic acid (25
: 75 : 0.1, v/v/v) (phase B) mixed in the ratio A : B
25 : 75, v/v, was delivered at the flow rate of 0.45
mL/min. The sample volume of 50 µL was injected
onto the column. The column and the autosampler
were maintained at 35 ± 2OC and 20 ± 5OC, respec-
tively. The total chromatographic run time was 11.0
min with the retention time of lapatinib was approx-
imately 3.5 min.

Mass spectrometric conditions

The mass spectrometer was equipped with an
electrospray ionization source operated in the posi-
tive mode, using single ion monitoring (SIM) as the
data acquisition mode. Ions of lapatinib and the IS
were monitored at m/z ratio of 581.0 and 589.1,
respectively. The probe high voltage was 3.0 kV and
nitrogen at 4.0 L/min was used as the nebulizer gas.
The block temperature was 280OC, whereas the
curved desolvation line temperature and voltage
were 290OC and 75 V, respectively. The Q-Array
lens voltages were 74 V, 55 V, 32 V, respectively.
The detector voltage was 1.2 kV. Data were collect-
ed in 0.4 s intervals.
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Solution preparation

Stock solutions of lapatinib and the IS were
prepared by dissolving the appropriate amounts of
the substances in methanol. The stock solutions
were further diluted with 75% methanol to the work-
ing solutions. The working solutions used to prepare
the calibration standards and quality control samples
were obtained from different stock solutions. The
stock solutions were stored in a freezer at tempera-
ture = ñ6OC and in a refrigerator at temperature =
12OC and the working solutions were stored in a
refrigerator at temperature = 12OC.

Preparation of the calibration standards and

quality control samples

The calibration standards contained lapatinib at
the following concentration levels: 5.00, 15.00,
50.00, 100.00, 200.00, 400.00, 600.00 and 800.00
ng/mL. The quality control samples contained lapa-
tinib at the concentration levels: 15.00, 200.00 and
600.00 ng/mL. The calibration standards and quali-
ty control samples were prepared by spiking blank
human plasma with the appropriate working solu-
tion of lapatinib. The calibration standards were pre-
pared directly before the analysis and the quality
control samples were stored in a freezer at tempera-
ture = ñ14OC.

Sample preparation

Twenty microliters of the IS solution and 250
mL of the 2M sodium carbonate solution were
added to the 250 mL aliquot of human plasma and
vortex mixed in a glass, screw cap extraction tube.
Then, 2 mL of methyl t-butyl ether were added and
shaken on a vibrax mixer for 10 min. After centrifu-
gation, the aqueous phase was frozen and the organ-
ic layer was transferred to a glass tube and evapo-
rated to dryness under the stream of nitrogen. The
dry residue was reconstituted in 200 mL of the
mobile phase and mixed. After centrifugation, the
supernatant was transferred into an autosampler
vial.

Method validation

The validation parameters were defined
according to the European Medicines Agency as
well as the Food and Drug Administration guide-
lines (19, 20). The study was performed in compli-
ance with the principles of Good Laboratory
Practice. For the calculation of the precision, accu-
racy, calibration curve parameters and selected sta-
bility results, a normal distribution of measurements
was assumed. The statistical analysis of the stability
included the comparison of two sets of experimental
data, assuming the log-normal distribution of mea-

Figure 1. Positive ion electrospray mass scan spectra of lapatinib and IS. As reported previously (7, 9), the [M + H]+ peak of m/z 581 was
the most abundant one for lapatinib
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surementsí results and it was based on the applica-
tion of confidence intervals (21, 22). The construc-
tion of confidence intervals depends on the variance
equality, therefore the F-Snedecor test (significance
level 0.01) was applied to test the hypothesis on the
variance equality.

RESULTS

Method development

Manufacturing method of lapatinib of pharma-
ceutical purity was recently developed in Chemistry
Department of the Pharmaceutical Research
Institute (18). In this work, the chromatographic
conditions, especially the chromatographic column
and the composition of the mobile phase, were
selected by subsequent iterations in order to achieve
a suitable lapatinib retention and acceptable peak
shape. To improve the peak shape a number of dif-
ferent mobile phases, sample solvents and reversed-
phase columns including several brands of octadecyl
and C6-phenyl phases were tested. Mobile phases
consisted of acetonitrile and methanol mixed with
0.1% acetic acid or 10 mM formic buffer (pH 4.0) in
various ratios changed to modify lapatinib retention
or limit the back-pressure. Four sample solvents
were used acetonitrile/0.1% formic acid and
methanol/0.1% formic acid in two ratios 75 : 25 and
25 : 75 (v/v). It was found that the greatest influence
on the peak shape had the composition of the sam-
ple solvent and no acceptable shape could be
obtained unless the solvent was identical with the
mobile phase. The selected mobile phase, which was
used throughout the validation, consisted of a 10
mM formic buffer (pH 4.0) and acetonitrile/meth-
anol/formic acid (25 : 75 : 0.1, v/v/v) in the ratio 25
: 75, v/v. Among tested reverse-phase columns, the
best sensitivity with acceptable retention was
obtained for a Zorbax SB-C18 column (150 ◊ 3 mm,

3.5 µm, Agilent Technologies). Lapatinib and the IS
were eluted at 3.5 min.

Positive ion electrospray mass scan spectra of
lapatinib and the IS are shown in Figure 1. The [M
+ H]+ peak of m/z 581.0 and [M + H]+ peak of m/z
589.1 were the most abundant for lapatinib and the
IS, respectively, and were selected for the analysis.

During the development of sample prepara-
tion, the extraction efficiencies using various
extracting solvents were tested. Polar solvent like
methyl t-butyl ether provided a much higher lapa-
tinib recovery than the non-polar mixture of hexa-
ne and isopropanol and was selected for the sam-
ple cleanup. The influence of a modifier on
extracting conditions was also studied. Saturated
(2 M) sodium carbonate solution and 10 mM
formic buffer pH 4.0 were tested as modifiers. The
best results were achieved for the sodium carbon-
ate. Finally, the optimization of the extraction time
and extracting solvent volume led to the conclu-
sion that shaking time of 10 min and the volume of
2 mL of methyl t-butyl ether are sufficient to
obtain the high recovery (71ñ82%) of both lapa-
tinib and the IS.

Method validation

Linearity and lower limit of quantification
The calibration curve was linear within the

range of 5.00ñ800.00 ng/mL regarding the peak area
ratio of lapatinib to the IS versus the nominal con-
centration of lapatinib. The curve was obtained by a
weighted linear regression analysis with the weight-
ing factor of 1/y2 selected according to the minimum
sum of percentage relative errors (23). The values of
regression parameters for the curve, described by
the equation: y = ax + b, were: a = 2.727e-3, b =
2.016 e-3 and r = 0.9997 (n = 6), where x was the lap-
atinib nominal concentration, y was the lapatinib/IS
instrument response ratio, a and b were slope and

Table 1. Validation summary.

Linear range [ng/mL] 5.00 ñ 800.00

Lapatinib concentration [ng/mL] 5.00 15.00 200.00 600.00

Extraction recovery of lapatinib [%] ñ 82.0 82.4 71.4

Matrix effect ñ RSD [%] ñ 6.22 5.31 2.55

Within-run precision [%]* 4.75ñ11.37 4.33ñ10.38 2.19ñ5.26 1.80ñ4.32

Within-run accuracy [%]* 89.3ñ99.9 91.0ñ100.7 96.9ñ101.8 94.2ñ98.2

Between-run precision [%]* 2.37ñ11.37 3.02ñ10.38 2.19ñ14.69 1.11ñ5.34

Between-run accuracy [%]* 89.3ñ100.9 90.4ñ100.7 93.2ñ106.9 92.9ñ98.2

*The accuracy and precision results are expressed as the 90% confidence intervals.
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intercept, respectively (Table 1). All regression
parameters were statistically significant (signifi-
cance level 0.05, df = n ñ2).

The lower limit of quantification was deter-
mined at 5.00 ng/mL and met international accept-
ance criteria for the accuracy and precision (Table 1,
Fig. 2).

Selectivity and carry-over
To confirm the method selectivity, blank

human plasma from six different sources, including
hemolyzed and lipophilic plasma, was analyzed.
The chromatograms showed no peaks influencing
the quantification near the retention times of lapa-
tinib and the IS (Fig. 3).

The carry-over experiment, in which blank
human plasma samples were analyzed immediately
after the highest concentration calibration standards
(procedure repeated six times), showed no peaks
influencing the quantification.

Matrix effect and recovery
To determine the extraction recovery of lapa-

tinib for three quality control sample levels, blank

human plasma samples from six different sources,
including hemolyzed and lipophilic plasma, were
spiked with both lapatinib and the IS before the
extraction (pre-extraction spiked plasma samples)
and after the extraction of the plasma sample (post-
extraction spiked plasma samples). The calculation
of the lapatinib and IS recovery was based on the
ratio of the peak areas determined in the pre- and
post-extraction spiked plasma samples (24). The
extraction recovery of lapatinib was stable across
the studied concentration range and did not influ-
ence the recovery of the IS (Table 1). 

The matrix factor was studied for lapatinib at
three concentration levels and for the IS at the work-
ing concentration. It was calculated as the ratio of
the instrument response for the substance in the
presence of the matrix (post-extraction spiked plas-
ma samples) to the instrument response in the
absence of the matrix (standard solutions) (19). The
matrix effect was evaluated from the RSD of the IS-
normalized matrix factor (i.e., the ratio of the matrix
factors calculated for lapatinib and the IS) calculat-
ed for six different sources of plasma, including
hemolyzed and lipophilic plasma. The calculated

Figure 2. Chromatogram of the extracted plasma sample containing lapatinib at 5.00 ng/mL and the working concentration of the IS (the
retention time of lapatinib and the IS ñ 3.5 min)
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RSD did not exceed 15%, which confirmed the
absence of matrix effects (Table 1).

Accuracy and precision
The results of the within-run (one sequence, n

= 6 for each concentration) and between-run (three
sequences, n = 6 for each concentration) accuracy
and precision for the lower limit of quantification
and three quality control sample levels are pre-
sented in Table 1. For the lower limit of quantifi-
cation, the accuracy was within the acceptance cri-
teria range of 80ñ120% and the precision was
below the acceptance limit of 20%. For each qual-
ity control sample level, the accuracy was within
the acceptance criteria range of 85ñ115% and the
precision was below the acceptance limit of 15%
(Table 1).

Stability
The results of the stability tests: autosampler,

freeze and thaw, short-term and long-term at two

storage temperatures for 53 days, are presented in
Table 2. For each concentration level, the 90% con-
fidence interval for the mean stability met the
acceptance criteria falling within the range of
85ñ115%. Moreover, respective stability tests con-
firmed the stability of lapatinib and the IS in the
stock and working solutions (Table 3).

DISSCUSION AND CONCLUSION

To the best of our knowledge, the method
developed is the first application of a single quadru-
pole mass spectrometry for the determination of lap-
atinib in human plasma. It offers an attractive lower
limit of quantification of 5.00 ng/mL. Previously
published tandem mass spectrometric methods pre-
sented wide linearity ranges, however, only one of
them provided better sensitivity (6). Based on phar-
macokinetic data (4), the upper limit of quantifica-
tion proposed in this paper seems to be sufficient for
the determination of lapatinib in plasma following a

Table 2. The stability of lapatinib in plasma expressed as the 90% confidence intervals (n = 6).

Stability Short-term Freeze-thaw Autosampler Long-term Long-term

Temperature
Ambient 

temperature 
≤ ñ14OC 20 ± 5OC ≤ ñ14OC ≤ ñ65OC

Storage period 4 h 3 cycles  18 h 53 days 53 days

Lapatinib 
concentration

15.00 96.4ñ109.9 98.7ñ110.2 91.3ñ100.8 96.2ñ112.7 96.2ñ109.7

[ng/mL]   600.00 101.3ñ105.4 90.3ñ100.2 99.1ñ100.3 91.8ñ98.8 92.1ñ99.5

Table 3. The stability of lapatinib and the IS in the solutions expressed as the 90% confidence intervals (n = 6).

Analyte Concentration Temperature Storage period Stability  

≤ ñ6OC 64 days 104.2ñ109.4

Lapatinib 1.00 mg/mL ≤ 12OC 7 days 103.3ñ104.8

Ambient temperature 24 h 101.6ñ103.9

≤ ñ6OC 64 days 95.3ñ98.9     

IS 0.10 mg/mL ≤ 12OC 7 days 98.2ñ100.9     

Ambient temperature 24 h 98.7ñ102.3   

100.00 µg/mL
≤ 12OC 57 days 99.4ñ102.5     

Ambient temperature 24 h 100.4ñ106.7
Lapatinib

62.50 ng/mL
≤ 12OC 64 days 91.7ñ102.1

Ambient temperature 24 h 94.2ñ105.4

IS 5.00 µg/mL
≤ 12OC 57 days 97.7ñ103.7

Ambient temperature 24 h 101.0ñ105.5
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250 mg oral dose. For economic reasons triple
quadrupole mass spectrometers are not so widely
available as the single quadrupole detectors.
Therefore, the present method expands the list of
instrumental setups applicable to the analysis of the
drug and represents an attractive alternative
approach for many biomedical laboratories.

Sample preparation is a critical part of the
quantitative bioanalysis. Selecting a proper tech-
nique is always a good practice even with mass
spectrometric detectors, as it limits matrix effects,
improves the selectivity and sensitivity, extends col-
umn life as well as protects the liquid chromato-
graphic system and the ion source from impurities.
Protein precipitation is less effective in the removal
of endogenous compounds compared to the extrac-
tion techniques and thus carries the highest risk of
ion suppression (25ñ27). It also makes necessary a
frequent ion source cleaning. Although a solid-
phase extraction provides a selective sample
cleanup, the use of expensive columns limits its
availability. The liquid-liquid extraction procedure
described in this paper allowed to obtain high sensi-
tivity and good recovery (above 70%) of the method
as well as avoid significant matrix effects.

The method was fully validated with respect to
the European Medicines Agency and the Food and
Drug Administration requirements, proving its reli-
ability, and may be applied to pharmacokinetic
studies in humans following a single 250 mg oral
dose. 
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Genistein (5,7-dihydroxy-3-(4-hydroxyphen-
yl)chromen-4-one) is considered as a useful com-
pound for prophylaxis or treatment of many patho-
logical conditions, such as cancer, menopausal syn-
drome, cardiovascular disease, osteoporosis and dia-
betes. The most promising applications of this
isoflavonoid are associated with cancer chemopre-
vention. Many in vitro and in vivo studies demon-
strating antiproliferative activity of genistein go
along with epidemiological data, linking genistein
rich diet with reduced risk of some types of cancer.
Genistein inhibits proliferation of tumor cells due to
inhibition of activity of several molecular targets,
including transcriptional factor NF-κB, tyrosine
kinases and topoisomerase II (1ñ4).

However, despite many beneficial properties, the
use of this compound in vivo is limited due to weak sol-
ubility in water, fast biotransformation to inactive
metabolites, poor accumulation in tissues and target
cells, and low concentration in blood after administra-
tion per os (5). In order to improve pharmacological
properties and antitumor potency of genistein, new

derivatives were designed and synthesized by different
laboratories (6). Very promising class of compounds,
synthesized on the base of genistein, that exhibit anti-
cancer potential are glycoconjugates and 2,3 unsaturat-
ed mono- or disaccharides of this isoflavonoid,
described in our previous work. Our screening studies
revealed several glycoconjugates of genistein inhibit-
ing cancer cell proliferation at the concentration sever-
al fold lower than the parent compound. Depending on
the structure of a sugar moiety and the type of substi-
tution, new glycoconjugates of genistein inhibited can-
cer cell proliferation through different molecular mech-
anisms (7, 8). Some of them acted in a different man-
ner than genistein and targeted mitotic spindles.

Next, we decided to correlate structural fea-
tures of genistein derivatives with their bioavailabil-
ity. To address this question, we decided to use
Caco-2 model, regarded as an in vitro surrogate for
studying intestinal absorption. This paper presents
in vitro bioavailability parameters of genistein deriv-
atives and discusses correlation between structural
features and bioavailability of compounds.
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DERIVATIVES IN COLON CARCINOMA CELL LINE (CACO-2)
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Abstract: Several genistein derivatives comprising an isoflavonoid skeleton substituted with an alkyl chain and
a sugar moiety show ability to inhibit proliferation of cancer cells in vitro at the concentration several-fold lower
than genistein. In our previous studies we shown that these compounds influenced the mitotic spindle, blocked
the cell cycle and induced apoptosis. The purpose of this study was to determine the relationship between struc-
tural modifications of genistein molecule and the intestinal disposition of its derivatives. Transport and metab-
olism of these compounds were studied in the human intestinal Caco-2 model. The results of our study indicate
that transport and metabolism of genistein derivatives depend both, on the structure of the carbonyl linker and
position of genistein molecule substitution. All new compounds showed higher permeability coefficient in com-
parison to genistein. Moreover, genistein derivatives described in this work were transformed in Caco-2 cells
into glucuronide and sulfate metabolites.
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EXPERIMENTAL

Synthesis of genistein derivatives

Synthesis of tested compounds (Fig. 1) was
described previously in (7ñ9). 

Determination of absorption 

General
Cancer cell line

Human Caucasian colon adenocarcinoma cell
line (Caco-2) was obtained from ECACC (European
Collection of Cell Cultures, UK). Cells were cul-
tured in Dulbeccoís modified Eagle medium ñ high
glucose 4.5 g/L (Sigma Aldrich, USA), supplement-
ed with 20% (v/v) inactivated fetal bovine serum
[iFBS] (PAA Laboratories GmbH, Austria) and 1%
(v/v) non-essential amino acids (Biological
Industries, Israel). Additionally, gentamycin
(KRKA, Slovenia) was added to culture media at the
concentration 0.04 mg/mL. Cells were cultured at
37OC in humidified atmosphere of 5% CO2.

MTT assay
Toxicity of tested compounds in Caco-2 cell

line was estimated using an MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) (Sigma Aldrich, USA) assay.

Caco-2 cells were plated in 96-well plates
(Thermo Fisher Scientific, Nunc, Denmark) at the den-
sity of 6 ◊ 104 cells per cm2 and grown for 72 h. Then,
the medium was aspirated and cells were treated for 24
h with the solution of tested compounds in growth
medium. In the experiment, we used a series of con-
centrations: 5, 10, 25 and 50 µM. After 24 h, medium
was removed and cells were incubated with 0.5 mg/mL
MTT solution (50 µL) in Dulbeccoís modified Eagle
medium without phenol red (Sigma Aldrich, USA) for
3 h. Then, medium was aspired and crystals of for-
mazan were solubilized in 0.04 M solution of HCl in 2-
propanol (Avantor Performance Materials, Poland).
The absorbance of samples was measured spectropho-
tometrically with a microplate reader BioTek Synergy
II (BioTek Instruments, USA) at 570 nm wavelength.

Figure 1. Structure of the tested compounds
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Moreover, for two concentrations of com-
pounds (25 and 50 µM), the additional experimental
variant was performed, using Hanksí Balanced Salt
(Sigma Aldrich, USA) solution with calcium and
magnesium instead of MEM for preparation of com-
pounds solution. 

For each compound in a single experiment,
every concentration was tested in quadruplicate.
Experiments were repeated at least three times. The
percentage of cell viability was calculated using the
following equation: 

% of cell viability in relation to untreated control

A ñ B= (ñññññññññ) ∑ 100%
C ñ B

where A = average of absorbance measured for
wells with cells treated with a tested compound, B =
average of absorbance measured for wells without
cells (blank) C = average of absorbance for wells
with cells non-treated cells (control). 

Transport experiments
The experiment was based on protocols

described in (10).
In the first step, Caco-2 cell line was cultivated

on 24-well plates with porous membranes (Millicell
PCF, 0.4 µm pore size) (Merck Millipore,
Germany). The apical volume was 0.4 mL and baso-
lateral volume was 0.6 mL. The cells were seeded at
a density of 4.4 ◊ 105 cells per cm2. The culture
medium consisted of:
● 1 to 3 day: DHEM-HG + 1% (v/v) non-essential

amino acids + 0.04 mg/mL of gentamycin + 20%
(v/v) iFBS;

● 3 to 7 day: DHEM-HG + 1% (v/v) non-essential
amino acids + 0.04 mg/mL of gentamycin + 15%
(v/v) iFBS;

● 7 to 22 day: DHEM-HG + 1% (v/v) non-essential
amino acids + 0.04 mg/mL of gentamycin + 10%
(v/v) iFBS.

Confluent monolayers of differentiated cells
were obtained after 20ñ22 days. The culture medi-
um was changed twice a week. The integrity of
Caco-2 monolayers was monitored twice a week by
measuring transepithelial electrical resistance
(TEER) using Millicell ñ ERS (Electrical Resistance
System) (Merck Millipore, Germany). 

When the confluent monolayer was obtained
(after 20ñ22 days), the medium was removed and
cells were washed three times with the warm Hanksí
Balanced Salt solution containing calcium and mag-
nesium [HBSS, pH 7.4] (Sigma Aldrich, USA), and
then the cells were pre-incubated with a buffer at
37OC for 30 min. Then, TEER values were measured

for each well, and those with TEER values less than
500 ohms/cm2 were discarded. 

After pre-incubation, the buffer was removed,
and the proper solutions of genistein or its derivatives
(25 µM) were added either to the apical (transport A-
B), or to the basolateral (transport B-A) compartment.
Stock solutions of compounds were prepared in
DMSO. The concentration of DMSO (Acros Organics,
USA) in transport medium did not exceed 0.01% (v/v).
Fresh HBSS without analyzed compounds was added
to basolateral (transport A-B) or apical (transport B-A)
compartment in a well serving as a blank sample.

The samples were collected from basolateral
(transport A-B) or apical (transport B-A) chambers
after 1, 2, 4, 8 and 24 h incubation of cells with the
tested substances. Moreover, after 24 h, samples
were collected from apical (transport A-B) and
basolateral (transport B-A) chamber. Each time after
collecting the samples, the volume of HBSS, equal
to the volume of the sample collected was added to
culture solution. After 24 h, TEER value was
measured to confirm the integrity of the monolayer.

Afterwards, the samples were centrifuged
(2000 ◊ g, 2 min). Supernatant (100 µL) was filtered
through a syringe filter (0.22 µL, 4 mm, nylon)
(Thermo Scientific, USA), and then the filter mem-
brane was washed by acetonitrile (100 µL) (Merck
Millipore, Germany). The filtrates were mixed and
transferred to an autosampler vial. The concentra-
tions of tested compound were determined by
HPLC-MS/MS.

The experiments evaluating the rate of trans-
port in apical-basolateral (AP-BL) and basolateral-
apical direction were performed in triplicates. 

The permeability of a compound was calculat-
ed using the following equation:

dCññññ
dt

Papp = ññññññ ,
C0 ∑ A

where dC/dt is the rate of drug transport (mol/s), A
is the surface area of membrane (cm2), Co is the ini-
tial concentration in the donor chambers (mol/L).
Efflux ratio was calculated according to the follow-
ing equation (11, 12): 

Papp, B APratio = óóó
Papp, AñB

Chromatographic conditions for determination of

genistein and its derivatives

Liquid chromatography
The LC separation was performed using a

Dionex UHPLC system (Dionex Corporation, USA)
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consisting of an UltiMate 3000 RS pump, an
UltiMate 3000 autosampler, an UltiMate 3000 col-
umn compartment and an UltiMate 3000 variable
wavelength detector. UHPLC system was operated
using Dionex Chromaleon TM 6.8 software. 

Chromatography was performed using a C18
ACE column (150 ◊ 4.6 mm, 3.0 µm) (Advanced
Chromatography Technologies, UK) connected by
the integral holder (3.2 ◊ 4.6 mm) with the guard
column of the same material. Isocratic conditions
were: 30% of 0.1% solution of formic acid (Sigma
Aldrich, Fluka, Germany) in water (v/v) (Merck
Millipore, Germany) and 70% of acetonitrile
(Merck Millipore, Germany) for genistein, Gen-X
and Gen-Xí or 15% of 0.1% solution of formic acid
in water (v/v) and 85% of acetonitrile for G21, the
flow rate for all compounds was set at 1.0 mL/min
and sample injecion volume was 5 µL. The HPLC
column was thermostated at 25OC. Samples were
kept in the autosampler at 10OC. 

Mass spectrometry
For determination of compound mass, the

UHPLC system was connected to a 4000 Q TRAP
triple quadrupole, linear ion trap mass spectrometer
(Applied Biosystem/ MDS SCIEX, USA). For data
acquisition, Analyst software (version 1.5.1.) was
used. The mass spectrometer was operated in the
negative (for genistein) or positive (for Gen-X, Gen-
Xí and G21) electrospray ionization (ESI) mode. 

In order to obtain the best performance of mass
spectrometer analysis of genistein derivatives, the
parameters dependent on the source, such as: ion
source gas 1 (GS1), ion source gas 2 (GS2), curtain
gas (CUR), ion spray voltage (IS) and temperature
of the heater gas (TEM) were optimized. The high-
pressure nitrogen was used as ion source gas, curtain
gas and collision gas.

Moreover, to get the good sensitivity and the
peak shape, the compound dependent parameters,
such as: declustering potential (DP), entrance poten-

Table 1. MS/MS conditions for determination of genistein and its derivatives.

Analyte
tr Q1 Q3 DP EP CE CXP CUR IS TEM GS1 GS2

(min) (m/z) (m/z) (V) (V) (V) (V) (¯) (V) (OC) (ψ) (ψ)

Genistein 1.90 268.9 132.9 -95 -10 -44 -5 10 -4000 600 70 50

Gen-2 1.85 314.9 271.2 100 6 30 20 10 4500 600 70 50

Gen-3 1.96 329.0 271.2 100 7 35 16 10 4500 600 70 50

Gen-5 2.21 357.0 271.1 100 10 29 6 10 4500 600 70 50

Gen-2í 1.87 315.0 271.1 90 9 30 20 10 4500 600 70 50

Gen-3í 1.98 329.0 270.8 100 7 35 16 10 4500 600 70 50

Gen-5í 2.22 357.1 270.8 100 10 29 6 10 4500 600 70 50

G21 1.84 771.3 331.2 100 7 20 10 10 5500 550 70 50  

tr ñ retention time, Q1- precursor ion, Q3 ñ fragment ion 

Table 2. MRM transitions for determination of metabolites of genistein and its derivatives. 

Analyte  Q1 (m/z) Q3(m/z)

Genistein sulfate 349 269

Genistein glucuronide 445 269

Gen-2, Gen-2í sulfates 395 315

Gen-2, Gen-2í glucuronide 491 315

Gen-3, Gen-3í sulfates 409 329

Gen-3, Gen-3í glucuronide 505 329

Gen-5, Gen-5í sulfates 437 357

Gen-5, Gen-5í glucuronide 533 357

G21 sulfate 851 271or 771

G21 glucuronide 947 271 or 771  
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tial (EP), collision energy (CE), and collision cell
exit potential (CXP) were tuned up for individual
compounds. Optimized parameters are summarized
in Table 1. Final analysis was performed in a select-
ed reaction monitoring mode, using the precursor
ions and the corresponding product ions. 

Chromatographic conditions for detection of

metabolites 

Sample preparation
To determine the possible metabolites, samples

collected after 24 h of incubation were mixed and
lyophilized. Residues were dissolved in 100 µL mix-
ture of acetonitrile : water, 4 : 1 (v/v) and filtered
through a syringe filter. The filter membrane was
washed with acetonitrile (100 µL). Mixed filtrates
were transferred to an autosampler vial and analyzed
by HPLC-MS/MS.

Liquid chromatography
The analysis of metabolites was performed

using HPLC system, software and column described

previously. The eluents were composed of 0.1%
solution of formic acid in water (A) and acetonitrile
(B). The elution conditions were as follows: 0 min
10% B, 0ñ3 min 20% B, 3ñ6 min 40% B, 6ñ10 min
50% B, 10ñ11 min 60% B, 11ñ12 min 70% B,
12ñ15 min 80% B for genistein, Gen-X and Gen-Xí
or 0 min 10% B, 0ñ3 min 20% B, 3ñ6 min 40% B,
6ñ8 min 50% B, 8ñ10 min 60% B, 10ñ12 min 70%
B, 12ñ15 min 80% B for G21, The flow rate for all
compounds was set at 0.8 mL/min and sample inje-
cion volume was 10 µL. The HPLC column was
thermostated at 25OC. Samples were kept in the
autosampler at 10OC.

Mass spectrometry
Analyses of conjugates with glucuronic or sul-

furic acid were performed on a selected reaction
monitoring mode. The MRM transitions for genis-
tein was found in the literature (13). In case of genis-
tein derivatives, analyses were performed on theo-
retical MRM transitions determined based on data
available for genistein (Table 2). The MS/MS con-

Figure 2. Percent of cell proliferation in relation with concentration of compound; a) compound solution in medium b) compound solution
in HBSS; ì*î compound precipitated in solution
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ditions were described previously. Moreover, for
identification of metabolites the LightSight software
(version 2.2.1.) was used. 

RESULTS AND DISCUSSION

Cells cultures are playing very important role
in drug bioavailability studies. Many papers show a
good correlation between transport of compounds
by the intestinal epithelium in vitro, and by the intes-
tinal wall in vivo. One of the most common cell line
used in drug transport studies is Caco-2. This cell
line shows many characteristics of human small
intestine epithelium and serves as an in vitro model
of drug transport through the intestine wall (14).
Caco-2 cells form tight junctions on lateral side of
plasma membrane, produce enzymes, taking part in
transport and metabolism of compounds, and
excrete small amounts of intestinal mucus on the
apical surface (14, 15). 

In this study, the bioavailability and metabo-
lism were determined for six genistein derivatives,
in which genistein is linked at C-7 or C-4í position
with an alkyl chain containing two, three or five car-
bon atoms by O-glycosidic bond and one pyranosyl
derivative of genistein (G21). The study was started
with determination of cytoxicity of the tested com-
pounds in Caco-2 cells, which allowed us to deter-

mine the highest nontoxic concentration of the test-
ed compounds. The highest non-toxic concentration
of the drug was used in experiments aiming at eval-
uation of transport through cell monolayer measured
with HPLC-MS/MS. The toxicity of the tested com-
pounds in Caco-2 cell line was determined with use
of MTT assay.

MTT assay (Fig. 2) showed, that the analyzed
compounds used in concentration up to 50 µM (solu-
tions prepared in culture medium) affected cell via-
bility only by about 10%, compared to untreated
control. Due to low solubility of certain compounds
and their precipitation in culture medium, Gen-2,
Gen-5, Gen-2í and G21 were used at 25 µM. MTT
assay showed that 25 µM solutions of these drugs
were safe for Caco-2 cell monolayer and it was
selected for absorption and metabolism experi-
ments. Interestingly, when cells were incubated with
HBSS solution of the tested genistein derivatives,
the metabolic activity exceeded the control values,
suggesting that these compounds stimulated cell
metabolism.

We found that all the analyzed compounds per-
meated across the membrane to the acceptor com-
partment in both the apical to basolateral and the
basolateral to apical direction and they were highly
permeable. Papp values obtained for both directions
of transport were greater than 1 ◊ 10-6 cm/s, suggest-

Figure 3. Apparent permeability values obtained for AP-BL and BL-AP directions in the Caco-2 after 1, 2, 4 and 8 h of incubation
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ing that these compounds will be completely
absorbed in human after administration per os.
According to the literature (16), absorption of drugs
in human is correlated with permeability coefficient
in the following way:
● Papp: > 1.0 ◊ 10-6 cm/s ñ drugs are absorbed in

100% 
● Papp: 0.1ñ1.0 ◊ 10-6 cm/s ñ drugs are absorbed to a

greater than 1% but less than 100%
● Papp coefficient: 1.0 ◊ 10-7 cm/s ñ drugs are

absorbed less than in 1%.
The values of Papp obtained for genistein were

similar to values found in the literature (17, 18).
Calculated Papp, A-B values for most of genistein deriv-
atives (except for Gen-2í and G21) were higher in
comparison with Papp value for genistein. For deriv-
atives of Gen-X and Gen-Xí series, the value of
coefficient increased with increasing number of car-
bon atoms in a linker (except for Gen-3). The high-
est value of Papp, A-B was obtained for Gen-5. Of note,
this compound showed the best anticancer proper-

ties (the lowest IC50 value) (7, 8), among both, Gen-
X and Gen-Xí series. 

Apparent permeabilities in the mucosal direc-
tion (Papp, B-A) were for most derivatives lower than
the values obtained for genistein. They were also
lower than the Papp,A-B values obtained for the trans-
port in the opposite direction. It is also worth to note
that derivatives of Gen-X series (substituted at C-7
position of genistein) have higher values of Papp, A-B

and Papp, B-A coefficients when compared to their
analogs of Gen-Xí series (substituted at C-4í of
genistein). 

The results presented in Figure 3 show clearly
that Papp values changed depending on duration of
incubation with drugs. This observation can be
explained by the metabolic changes of the analyzed
compounds that occurred in Caco-2 cells. On the
base of literature data, Caco-2 cells are known to
secrete enzymes capable to metabolize drugs by
connecting to their structure glucuronic acid or sul-
furic acid (14). 

Table 3. Retention times for glucuronide and sulfate conjugates of genistein and its derivatives.

Retention time [min]

Parent Glucuronide Sulfate

Genistein 12.51 8.98 11.28

Gen-2 11.91 9.0 10.49

Gen-3 13.09 9.61 11.37

Gen-5 14.61 11.39 12.94

Gen-2í 12.20 8.89 10.90

Gen-3í 13.31 9.48 11.33

Gen-5í 14.69 10.49 13.63

G21 14.17 ñ 12.75

Table 4. Values of efflux ration for genistein and derivatives after 1, 2, 4 and 8 h of incubation.

Efflux ratio 

1 h 2 h 4 h 8 h

Genistein 1.02 1.13 1.22 1.18

Gen-2 0.70 1.22 0.96 1.44

Gen-3 0.38 0.30 0.37 0.44

Gen-5 0.04 0.04 0.04 0.08

Gen-2í 1.10 0.78 1.02 0.88

Gen-3í 0.84 1.12 0.85 0.90

Gen-5í 0.12 0.07 0.16 0.15

G21 0.65 0.72 0.63 0.92 
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Following this assumption, we analyzed the
samples collected 24 h after addition of a drug, and
we found that genistein and its derivatives were
metabolized, and the type of derivatization was
dependent on the type of molecule. Genistein and its
derivatives containing the alkyl chain were metabo-
lized by conjugation of sulfuric acid or glucuronic
acid. (Table 3). The only metabolite of G21 detect-
ed in our analysis was its sulfate. The obtained
results are only of qualitative character; quantitative
analysis of the metabolites formed in Caco-2 cells
was not possible due to the lack of appropriate stan-
dards. 

Determination of Papp, A-B and Papp, B-A coefficient
for the tested drugs allowed us to determine the Pratio

values, helpful in predicting drug transport back into
the intestinal lumen. It is assumed that a Pratio greater
than 2 is predictive of relevant efflux (active drug
transport back into the intestinal lumen) (11, 19).
The Pratio of genistein derivatives (Table 4) were
lower than for genistein and lower than 2. The
smallest values of these coefficient were obtained
for Gen-5 and Gen-5í (after 1 h of incubation: 0.04
and 0.12, respectively). It means that this drug may
become a useful leader in the future drug develop-
ment.

In conclusion, modifications introduced to
genistein structure influenced not only antitumor
activity of compounds (lower IC50 values in compar-
ison to genistein), but also improved their availabil-
ity parameters (increased permeability coefficient
and decreased Pratio values).

In the perspective, we plan to study permeabil-
ity and metabolism of new analogs of Gen-X and
Gen-Xí, which contain a sugar moiety ñ rhamnal,
connected with an isoflavone by a glycosidic bond.
These derivatives showed higher antitumor activity
in comparison to compounds of Gen-X or Gen-Xí
series. Since the sugar moiety may influence the bio-
logical properties of a compound remarkably, it can
be assumed that this type of derivatization will alter
transport and bioavailability of genistein deriva-
tives. 
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The discovery of drugs these days is based
upon a ìone molecule ñ one target ñ one diseaseî
philosophy, but modulating multiple protein targets
simultaneously can be more beneficial for treating
complex diseases, for instance, cancer, diabetes or
neurodegenerative diseases like Alzheimerís disease
(1). Our understanding of systems biology and the
molecular complexity of human diseases has sub-
stantially shifted current therapeutic thinking
towards drugs acting upon many molecular targets,
i.e., multitarget drugs. Moreover, to fully understand
the actions of a drug, knowledge of its polypharma-
cology is clearly essential (2, 3).

Since it is becoming well understood that
chronic inflammation in any form can initiate and
accelerate the cancer process, NSAIDs (non-
steroidal anti-inflammatory drugs), which inhibit
inflammation, became anti-cancer drugs (4, 5). The
molecular target of NSAIDs is cyclooxygenase
(COX), the enzyme which catalyzes the conversion
from arachidonic acid to prostaglandins (PGs).
There are three isoforms of COX (COX-1, COX-2
and COX-3) (6). The inhibition of COX-2 is respon-
sible for the decrease in colorectal, breast, prostate
and lung cancer incidence. That is why NSAIDs
have been reported to reduce the risk of some solid
tumors and are one of the most promising chemo-

preventive agents for cancer. Among the many
NSAIDs studied as chemopreventive agents, there is
a distinguished group of oxicams (e.g. piroxicam,
meloxicam, tenoxicam), identified by their ben-
zene(thieno)thiazine heterocyclic system containing
an enolic group in position 4 (7).

Lichtenberger et al. presume that one of the
alternative mechanisms by which NSAIDs can be
effective is by interacting with cellular membranes
and altering their biophysical properties (8). What is
more, Peetla et al. prove that biophysical changes in
membrane lipids in multidrug resistance (MDR) of
cancer cells influence the transport and delivery of
anticancer drugs. Recent advances in membrane
lipid research show the varied roles of lipids in reg-
ulating membrane P-glycoprotein (P-gp) function,
membrane trafficking, apoptotic pathways, drug
transport and endocytic functions. Therefore, under-
standing the relationship between biophysical
aspects of the cell membrane in drug-resistance
mechanisms and drug delivery processes is crucial
to overcome the phenomenon of MDR (9). It is
proved that a lipid bilayerís composition and fluidi-
ty affect P-gp function, which efflux system occurs
in drug-resistant cancer cells (10). 

We designed new piroxicam (4-hydroxy-2-
methyl-N-(pyridin-2-yl)-2H-1,2-benzothiazine-3-
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carboxamide 1,1-dioxide), (Fig. 1) derivatives as
potentially multitarget drugs. They would be an
analgesic, anti-inflammatory and, at the same time,
chemopreventive in cancer. And, what is more, it
might be the modulator overcoming the MDR phe-
nomenon in resistant cancer cells. In our present
work, we describe the procedure of synthesis of four
new piroxicam derivatives, named PD 28ñ31 (Fig.
2), and the results of studies of the interaction of
new compounds with lipid bilayers by means of fluo-
rescence spectroscopic methods. Also molecular
structures of all compounds were optimized by
molecular mechanics calculations in silico.

EXPERIMENTAL

Chemicals

The reagents and solvents used for synthesis
were purchased from commercial suppliers and used
as received. Homogeneity of the compounds was
checked by TLC on silica gel plates. Flash column
chromatographic purifications were performed
using Sigma-Aldrich 60A silica gel 230ñ400 mesh.
The proton nuclear magnetic resonance (1H-NMR)
spectra were measured on a Brucker 300 MHz NMR
spectrometer using CDCl3 as solvent and TMS as an
internal standard. Melting points were determined in
open capillary tubes and are uncorrected. Elemental
analyses were performed with Carlo Erba NA 1500
analyzer and were within ± 0.4% of the theoretical
value. IR spectra (cm-1) were recorded on a Perkin-
Elmer Spectrum Two UATR FT-IR spectrometer.
The samples were applied as neat solids.

Phospholipid: egg yolk phoshphatidylcholine
(EYPC) was purchased from Sigma-Aldrich
(PoznaÒ, Poland). The lipid was used as delivered,
without further purification.

Fluorescent labels: 6-dodecanoyl-2-dimethyl-
aminonaphthalene (Laurdan) and 6-propionyl-2-
dimethylaminonaphthalene (Prodan) were pur-
chased from Molecular Probes (USA). 

All other chemicals used in this study were of
analytical grade.

General procedure for the preparation of PD

28ñ31

2-(4-Fluorophenacyl)-2H-1,2-benzothiazol-3-on
1,1-dioxide (2)

A mixture of commercially available saccha-
rine 1 (0.92 g, 5 mmol) with 5 mmol of 2-bromo-4í-
fluoroacetophenone in 7 mL of N,N-dimethylform-
amide (DMF) and triethylamine (0.7 mL, 5 mmol)
was stirred at room temperature for 10 h, then
poured over ice cooled water (50 mL) resulting in
the formation of a white solid, which was filtered
and washed with cold water. The solid was dried and
crystallized from ethanol to give 2. 

Analytical data for 2: C15H10FNO4S (m.w.
319.31); m.p. 165ñ168OC (EtOH). 1H-NMR (δ,
ppm): 5.11 s (2H, CH2), 7.16ñ8.01 m (8H, ArH).
FT-IR (UATR): 1738, 1693 (CO), 1330, 1183 (SO2)
cm-1. Yield 94%.

3-(4-Fluorobenzoyl)-4-hydroxy-2H-1,2-benzothi-
azine 1,1-dioxide (3)

Three millimole of 2 was dissolved in 7.5 mL
of EtONa (prepared from 0.17 g of Na and 7.5 mL
of anhydrous EtOH) at 40OC and stirred with heating
to 55ñ60OC for 5ñ10 min. Color changes from beige
to deep red were observed. After this time and after
dissolving all of the substance, the mixture was rap-
idly cooled to 25OC and 7.5 mL HCl (9%) was
added. Color changed from deep red to deep yellow
and the product precipitated. The solid was filtered
off, washed with cold water, dried and purified by
crystallization from EtOH to give 3.

Analytical data for 3: C15H10FNO4S (m.w.
319.31); m.p. 193ñ195OC (EtOH). 1H-NMR (δ,
ppm): 5.91 s (1H, NH), 7.13ñ8.20 m (8H, ArH),
15.80 s (1H, OHenolic). FT-IR (UATR): 3151 (NH),
1590 (CO), 1280, 1158 (SO2) cm-1. Yield 81%.

Figure 1. Structure of piroxicam

X = (CH2)2, C=O
Y = Z = C, N
R = F, OCH3

Figure 2. Structures of new piroxicam analogues ñ PD 28ñ31
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1-(2-Chloro-1-oxoethyl)-4-arylsubstituted-piper-
azine (4a, b)

Ten millimoles of 1-(2-fluorophenyl)piper-
azine (for 4a) or 1-(2-pyrimidin)piperazine (for 4b)
was dissolved in 40 mL of diethyl ether with addi-
tion of 1.4 mL of triethylamine and stirred slowly at
room temperature for 10 min. Then, 1.6 mL (20
mmol) of chloroacetyl chloride in 20 mL of diethyl
ether were slowly instilled, and stirring was contin-
ued for another 2 h. After this time, diethyl ether
was evaporated in vacuum and 10 mL of water and
60 mL of chloroform were added. The organic phase
was separated, dried with MgSO4 and evaporated in
vacuum to give 4a or 4b.

Analytical data for 4a: C12H14ClFN2O (m.w.
256.70); 1H-NMR (CDCl3, δ, ppm): 3.02ñ3.12 (m,
4H, N(CH2)2), 3.64ñ3.78 (m, 4H, N(CH2)2), 4.08 (s,
2H, CH2), 6.87ñ7.06 (m, 4H, ArH). Yield 70%.

Analytical data for 4b: C10H13ClN4O (m.w.
240.69); 1H-NMR (CDCl3, δ, ppm): 3.56ñ3.70 (m,
4H, N(CH2)2), 3.82ñ3.92 (m, 4H, N(CH2)2), 4.11 (s,
2H, CH2), 6.53ñ6.56 [t, J = 4.8 Hz, 1H, CH(5)pyrimi-

dine], 8.31ñ8.33 [d, J = 4.8 Hz, 2H, CH(4 and 6)pyrimi-

dine]. Yield 66%.

1-(3-Chloropropyl)-4-(2-substituted-phenyl)piper-
azine (5a, b)

Ten millimoles of 1-(2-fluorophenyl)piper-
azine (for 5a) or 1-(2-methoxyphenyl)piperazine
(for 5b) and 11 mmol (1.1 mL) of 1-bromo-3-
chloropropane were dissolved in acetone (3 mL)
with addition of 25% NaOH (2 mL), stirred slowly
at room temperature for 8 h and left overnight. After
this time, ether (20 mL) was added and stirred for
further 30 min. Then, the mixture was divided in a

separatory funnel into two parts. The ether part was
dried with MgSO4 and evaporated under vacuum.
The residue was purified by flash silica gel chro-
matography, eluting with EtOAc to give 5a or 5b.

Analytical data for 5a: C13H18ClFN2 (m.w.
256.75); 1H-NMR (δ, ppm): 1.96ñ2.05 (m, 2H,
CH2CH2CH2), 2.56ñ2.68 (m, 6H, CH2N(CH2)2),
3.11ñ3.14 (m, 4H, N(CH2)2), 3.61ñ3.65 (t, J = 6.6
Hz, 2H, CH2CH2CH2Npiperazine), 6.92ñ7.26 (m, 4H,
ArH). Yield 85%.

Analytical data for 5b: C14H21ClN2O (m.w.
268.78); 1H-NMR (δ, ppm): 1.94ñ2.04 (m, 2H,
CH2CH2CH2), 2.49ñ2.66 (m, 6H, CH2N(CH2)2), 3.09
(brs, 4H, N(CH2)2), 3.59ñ3.63 (t, J = 6.6 Hz, 2H,
CH2CH2CH2Npiperazine), 3.85 (s, 3H, OCH3),
6.83ñ7.02 (m, 4H, ArH). Yield 74%.

3-(4-Fluorobenzoyl)-2-substituted-4-hydroxy-2H-
1,2-benzothiazine 1,1-dioxides (PD 28ñ31)

To the stirred mixture of 5 mmol 3 in 20 mL of
anhydrous EtOH 5 mL of EtONa (prepared from
0.12 g of Na and 5 ml of anhydrous EtOH) was
added. Then, 5 mmol of corresponding piperazine
(4a, b or 5a, b) was added and refluxed with stirring
for 10ñ12 h. When the reaction was complete, which
was confirmed on TLC plates, ethanol was distilled
off, the residue was treated with 50 mL of CHCl3 and
insoluble materials were filtered off. The filtrate was
evaporated and the residue was purified by crystal-
lization from ethanol to give compounds PD 28-31.

Analytical data for PD 28ñ31:
PD 28: C27H23F2N3O5S (m.w. 539.55); m.p.

165ñ166OC (EtOH). 1H-NMR (δ, ppm): 2.80ñ4.23
(m, 10H, CH2CO and Hpiperazine), 6.79ñ8.25 (m, 12H,

Scheme 1. General procedure for preparation of PD 28-31
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ArH), 15.49 (s, 1H, OHenolic). FT-IR (UATR): 1644,
1591 (CO), 1336, 1175 (SO2) cm-1. Analysis: calcd.:
C 60.10, H 4.30, N 7.79%; found: C 59.97, H 4.40,
N 7.59%. Yield 45%.

PD 29: C25H22FN5O5S (m.w. 523.54); m.p.
210ñ213OC (EtOH). 1H-NMR (δ, ppm): 3.13ñ4.31
(m, 10H, CH2CO and Hpiperazine), 6.51ñ8.29 (m, 11H,
ArH), 15.50 (s, 1H, OHenolic). FT-IR (UATR): 1660,
1586 (CO), 1344, 1175 (SO2) cm-1. Analysis: calcd.:
C 57.35, H 4.24, N 13.38%; found: C 57.39, H 4.28,
N 13.46%. Yield 44%.

PD 30: C28H27F2N3O4S (m.w. 539.59); m.p.
145ñ148OC (EtOH). 1H-NMR (δ, ppm): 1.24 (brs,
2H, CH2CH2CH2), 1.99 (brs, 2H, CH2CH2CH2Npiperazine),
2.28 (brs, 4H, N(CH2)2), 2.95ñ3.42 (m, 6H,
CH2N(CH2)2), 6.91ñ8.19 (m, 12H, ArH), 15.50 (s,
1H, OHenolic). FT-IR (UATR): 1607 (CO), 1331,
1174 (SO2) cm-1. Analysis: calcd.: C 62.32, H 5.04, N
7.79%; found: C 62.67, H 5.37, N 7.51%. Yield 55%.

PD 31: C29H30FN3O5S (m.w. 551.63); m.p.
121ñ123OC (EtOH). 1H-NMR (δ, ppm): 1.39 (brs,
2H, CH2CH2CH2), 2.10 (brs, 2H, CH2CH2CH2Npiperazine),

Figure 3. Stern-Volmer plots for quenching of Laurdan (open symbols) and Prodan (full symbols) by PD28 (circles) and PD29 (diamonds)
in EYPC. Bars represent standard deviations

Figure 4. Stern-Volmer plots for quenching of Laurdan (open symbols) and Prodan (full symbols) by PD30 (squares) and PD31 (triangles)
in EYPC. Bars represent standard deviations
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2.44 (brs, 4H, N(CH2)2), 3.03ñ3.40 (m, 6H,
CH2N(CH2)2), 3.84 (s, 3H, OCH3), 6.84ñ8.18 (m,
12H, ArH), 15.48 (s, 1H, OHenolic). FT-IR (UATR):
1614 (CO), 1329, 1175 (SO2) cm-1. Analysis: calcd.:
C 63.14, H 5.48, N 7.62%; found: C 63.36, H 5.63,
N 7.54%. Yield 42%.

Fluorescence spectroscopy

Small unilamellar liposomes, prepared by soni-
fication of 2 mM EYPC suspension in 20 mM
TrisñHCl buffer (20 mM Tris, 0.5 mM EDTA, 150
mM NaCl pH 7.4) using UP 200s sonificator (Dr.
Hilscher GmbH, Berlin, Germany), were used for
fluorescence spectroscopy measurements. Final
phospholipid concentration in a sample was 200
µM. Laurdan and Prodan were dissolved in DMSO
in order to obtain 1 mM stock solutions. Liposomes
were incubated with a fluorescent probe (final con-
centration 5 µM) for 30 min in darkness at room
temperature. Then, the appropriate amount of oxi-
cam stock solution (30 mM DMSO) was added and
the sample was further incubated for 20 min in dark-
ness. The oxicam concentration in samples was
25ñ125 µM in concentration-dependence experi-
ments. All spectroscopic experiments were carried
out at room temperature with LS 50B spectrofluo-
rimeter (PerkinñElmer Ltd., Beaconsfield, UK)
equipped with a xenon lamp using emission and
excitation slits of 5 nm. The excitation wavelength
for Laurdan was 390 nm and for Prodan 360 nm.
The recorded fluorescence spectra were processed
with FLDM Perkin-Elmer 2000 software.

It was checked that the studied oxicam ana-
logues alone did not exhibit fluorescence in the
spectral region of interest. All the experiments were
performed three times. 

Molecular modelling

Theoretical calculations were performed using
Spartan 10 software (Wavefunction, Inc., USA).
The optimized molecular structure of all compounds
and QSAR (quantitative structureñactivity relation-
ship) descriptors for them were calculated ab initio
by DFT method with 6-31+G* basis set.

RESULTS

Synthesis

Compound 2 was obtained by alkylation of
saccharin with 2-bromo-4í-fluoroacetophenone in
DMF with addition of a small amount of triethyl-
amine in room temperature. Then, newly obtained
compound was rearranged using sodium ethoxide 
to give compound 3. The alkilation of 3 by 

1-(chloroalkil/acyl)-4-arylpiperazine resulted in
products PD 28ñ31. 

Fluorescence spectroscopy

Laurdan and Prodan, two fluorescent probes,
were used to characterize the interaction of the stud-
ied compounds with EYPC liposomes. Both probes
possess the same fluorophore but connected to the
propionyl chain in case of Prodan and to the lauryl
chain in Laurdan (11). Laurdan fluorophore is locat-
ed deeper in the lipid bilayer at the level of the phos-
pholipid glycerol backbone, whereas Prodan, in con-
trast, is anchored to the lipid bilayer more loosely
and resides closer to the membrane surface. In the
studies it was initially checked if the addition of any
of the studied compounds would result in fluores-
cence quenching of the probes. SternñVolmer plots
are presented in Figure 3 for PD 28 and PD 29 and
in Figure 4 for PD 30 and PD 31. The studied com-
pounds caused very strong quenching of both
probes, although the effect was much more pro-
nounced in case of Laurdan for PD 28 and PD 31,
and in case of Prodan for PD 29 and PD 30. 

Molecular modelling

Applying of QSAR methods allowed to
describe electronic, structural and topological
parameters and hydrophobicity of new compounds
and to correlate these properties with their ability to
interact with model membranes. LogP of studied
oxicam derivatives is ranked as follows: PD 30 >
PD 29 > PD 31 > PD 28 and PSA: PD 28 > PD 31

> PD 29 > PD 30, while polarizability is ranked as
follows: PD 29 > PD 30 > PD 31 > PD 28. Values
of all molecular descriptors for newly synthesized
oxicam derivatives are presented in Table 1.

Presented results revealed that newly synthe-
sized compounds pass the Lipinskiís Rule of five
(RO5), because LogP < 5, H-bond donors < 5, and
H-bond acceptors < 10 (12). These physicochemical
parameters are associated with acceptable aqueous
solubility and intestinal permeability so comprise
the first steps in oral bioavailability and ability to
interact with lipid bilayers.

DISCUSSION AND CONCLUSION

Our group has focused on synthesis of new chem-
ical analogues of piroxicam with potential analgesic,
anti-inflammatory and chemopreventive or anti-MDR
activity as multitarget drugs. In the present work, we
have shown that new compounds PD 28ñ31 interact
with the model membranes under consideration.
Quenching of fluorescence of two probes, Laurdan and
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Prodan, by four newly synthesized oxicam derivatives
(PD 28ñ31) was investigated. According to Lakowicz,
the extent of quenching expressed by the values of
Stern-Volmer constants can reveal the accessibility of
fluorophores to quenchers. That is why, if the location
of fluorescent probe (fluorophore) within the model
membranes is known, quenching studies can be used to
reveal the location of quenchers in membranes or the
permeability of membrane to quenchers (13). It was
found that PD 28 and PD 31 quenched the fluores-
cence of Laurdan to a higher extent than Prodan in
model membranes. On the contrary, PD 29 and PD 30

turned out to be weaker quenchers of Laurdan than
Prodan fluorescence. The decreased fluorescence
intensity in the presence of the studied compounds may
be the result of their interaction with fluorescent probes
affecting e.g., their influence on fluorophoreís
microenvironment or their molecular organization
within the phospholipid bilayer. The more pronounced
quenching of Laurdan than Prodan fluorescence for
PD 28 and PD 31 in comparison to PD 29 and PD 30

suggested that the bilayer region occupied by Laurdan
(the level of the phospholipid glycerol backbone) is
more affected by their presence. The regions close to
the surface of the model membrane, where Prodan is
localized, were more affected by the presence of PD 29

and PD 30. Quenching of the fluorescence of another
fluorescent probe -DPH by NSAIDs (two oxicams -
lornoxicam and meloxicam - and nimesulide) was
examined by Sousa et al. (14). Their DPH fluorescence
quenching studies revealed that studied NSAIDs were
able to quench the fluorescene of the probe located in
phospholipid bilayer hydrocarbon region - even deep-
er than Laurdan. Their fluorescence anisotropy mea-
surements were also made to investigate the effects on
membrane fluidity resulting from the interaction
between the drugs and lipid bilayers. The efficiency of
NSAIDs to increase the membrane fluidity and to pen-
etrate into the hydrocarbon chain region was ordered
as: lornoxicam > meloxicam > nimesulide. The deeper
penetration of PD 28 and PD 31 into the lipid bilayer,
reveled in our studies, may be related to the presence of

the additional carbonyl group in the side chain in posi-
tion 2 of benzothiazine ring, which might increase their
ability to interact with model membranes. However,
the precise determination of the nature of new oxicam
analogues interaction with phospholipid membranes
would require further studies.
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Table 1. The molecular descriptors for PD 28ñ31 (Spartan 10).

Compound Log P
PSA HBD HBA E HOMO E LUMO

Polarizability
[�2]  Count Count  [eV]  [eV] 

PD 28 0.32 91.799 1 10 ñ6.04 ñ2.65 79.47

PD 29 2.73 75.592 1 9 ñ5.79 ñ2.57 84.08

PD 30 3.02 70.503 1 8 ñ6.00 ñ2.54 82.20

PD 31 1.83 80.632 1 9 ñ5.95 ñ2.61 80.88

PSA = polar surface area, HBD = hydrogen bond donor, HBA = hydrogen bond acceptor, E HOMO = energy of highest occupied
molecular orbital, E LUMO = energy of lowest unoccupied molecular orbital 
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Colon cancer remains the second leading cause
of cancer mortality in Poland in the last years (1).
Epidemiological, preclinical and clinical studies
reveal that dietary phytochemicals may exert
chemopreventive and therapeutic effect against co-
lorectal cancer (2, 3). There is a growing interest in
identifying new biologically active agents from
dietary sources in this respect. 

Pterostilbene (trans-3,5-dimethoxy-4-hydroxy-
stilbene) is a naturally occurring stilbene, found in
fruits such as grapes and berries (4). It is a structur-
al analogue of another highly studied stilbene,
resveratrol (5). The structural difference between
these compounds is that pterostilbene contains one
hydroxy group and two methoxy groups while
resveratrol has three hydroxy groups. Due to the
presence of methoxy groups pterostilbene exhibits

an increased oral absorption, better metabolic stabil-
ity, greater lipophilicity and higher potential for cel-
lular uptake. Pterostilbene administered orally,
shows 95% bioavailability while resveratrol has
only 20% bioavailability (4, 6). Compared to other
stilbenes, pterostilbene has greater bioavailability,
and so, a greater potential for clinical applications
(7). Pterostilbene has been found to possess several
pharmacological activities such as antioxidative,
anti-inflammatory and antiproliferative (5, 8).
Recent studies showed that pterostilbene exhibits
the hallmark characteristics of a valuable anticancer
agent (9). 

The aim of this study was to evaluate antipro-
liferative and cytotoxic effects of pterostilbene on
human colon cancer Caco-2 cells in vitro.

IN VITRO EVALUATION OF ANTIPROLIFERATIVE AND CYTOTOXIC 
PROPERTIES OF PTEROSTILBENE AGAINST HUMAN COLON 

CANCER CELLS

JOANNA WAWSZCZYK*, MA£GORZATA KAPRAL, ANDRZEJ HOLLEK 
and LUDMI£A W GLARZ

Medical University of Silesia, School of Pharmacy with the Division of Laboratory Medicine,
Department of Biochemistry, Jednoúci 8, 41-200 Sosnowiec, Poland

Abstract: Colon cancer has been remaining the second leading cause of cancer mortality in Poland in the last
years. Epidemiological, preclinical and clinical studies reveal that dietary phytochemicals may exert chemo-
preventive and therapeutic effect against colorectal cancer. There is a growing interest in identifying new bio-
logically active agents from dietary sources in this respect. Pterostilbene (trans-3,5-dimethoxy-4-hydroxystil-
bene) is a naturally occurring stilbene, that has been found to have antioxidative, anti-inflammatory and antipro-
liferative properties. Compared to other stilbenes, pterostilbene has greater bioavailability, and so, a greater
potential for clinical applications. Recent studies showed that pterostilbene exhibits the hallmark characteristics
of an anticancer agent. The aim of this study was to analyze antiproliferative and cytotoxic effects of pterostil-
bene on human colon cancer Caco-2 cells. They were cultured using standard techniques and exposed to
increasing doses of pterostilbene (5ñ100 µM) for 48 and 72 h. Cell proliferation was determined by sulforho-
damine B assay. The growth of treated cells was expressed as a percentage of that of untreated control cells.
Pterostilbene decreased proliferation rate of Caco-2 cells in a dose- and time-dependent manner. Its concentra-
tions = 25 µM did not affect cell growth after 48 h treatment period. Significant growth inhibition was observed
in cultures incubated with higher concentrations of pterostilbene (40ñ100 µM). Pterostilbene at all concentra-
tions used (5ñ100 µM) caused significant inhibition of cell proliferation when the experimental time period was
elongated to 72 h. The maximum growth reduction was observed at 100 mM pterostilbene. The cytotoxicity of
pterostilbene was evaluated in 48 h cultures based on lactate dehydrogenase (LDH) leakage into the culture
medium and showed dose-related pattern. The findings of this study showed significant dose-dependent
antiproliferative and cytotoxic effects of pterostilbene against human colon cancer cells in vitro. 

Keywords: pterostilbene, colon cancer, proliferation, Caco-2 cell line
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EXPERIMENTAL

Cell line and culture conditions

The Caco-2 human colon adenocarcinoma cell
line was purchased from the American Type
Culture Collection (ATCC). Cells were grown rou-
tinely in medium containing the following compo-
sition: 90% modified Eagleís medium (MEM,
Sigma Aldrich), 10% fetal bovine serum (FBS,
PAA), 100 U/mL penicillin, 100 µg/mL strepto-
mycin (Sigma Aldrich), and 10 mM HEPES (Sigma
Aldrich). The cell cultures were cultivated as a
monolayer at 37OC in a humidified atmosphere con-
taining 5% CO2. 

Cell growth determination 

The effect of pterostilbene on Caco-2 cell pro-
liferation was analyzed by In Vitro Toxicology
Assay Kit, Sulforhodamine B (SRB) based (Sigma
Aldrich). The SRB is a dye staining cellular proteins
and thus the amount of the incorporated dye is an
indirect measure of total biomass and consequently,
cell number and proliferation (10). Pterostilbene
was purchased from Sigma Aldrich. Stock solution
of pterostilbene was prepared in dimethyl sulfoxide

(DMSO) and further diluted in sterile culture medi-
um to desired concentrations immediately before
use. The final DMSO concentration in the working
solutions was 0.01%. 

To study the cell proliferation, colonocytes
were seeded at an initial density of 1 ◊ 103

cells/well in 200 µL MEM medium complemented
with the components given above and allowed to
attach and grow. After 24 h, the medium was aspi-
rated and cells were exposed to the freshly pre-
pared medium containing pterostilbene (5; 10; 25;
40; 50; 60; 75 and 100 µM) for 48 or 72 h.
Subsequently, cells were washed with PBS and
fixed in 10% trichloroacetic acid (4OC, 1 h), fol-
lowed by 5 washes with deionized water. Cells
were stained by the addition of 0.4% SRB in 1%
acetic acid at room temperature for 30 min.
Afterwards, plates were washed with 1% acetic
acid and air-dried. After the liberation of the incor-
porated SRB by the addition of 10 mM Tris-HCl,
absorbance was measured at 570 nm and 690 nm
(reference wavelength) using the MRX Revelation
plate reader (Dynex Technologies). The growth of
treated cells was expressed as a percentage of
untreated control cells.

Figure 1. Growth inhibitory effect of various concentrations of pterostilbene on Caco-2 cells after 48 (A) and 72 (B) hours treatment. The
results are expressed as percentage of untreated control (the means ± SD; *p < 0.05 vs. control).
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LDH cytotoxicity assay

Cytotoxicity induced by pterostilbene was
assessed by lactate dehydrogenase (LDH) leakage
into the culture medium by a commercially available
In Vitro Toxicology Assay Kit, Lactic Dehydro-
genase based (Sigma Aldrich). Increased LDH
activity in the supernatants of cell cultures is a result
of a damage to the cellular membrane and correlates
with the percentage of dead cells. For the cytotoxic-
ity test, Caco-2 cells were seeded at a density of 1 ◊
104 cells per well in 200 µL culture medium in a 96-
well plate and cultured for 24 h. Afterwards, media
were replaced with the fresh ones containing various
concentrations of pterostilbene (5ñ100 µM).
Following a 48 h period, LDH activity was meas-
ured in both culture media and cell lysates according
to manufacturerís instruction. Colorimetric results
were read on a multiplate reader MRX Revelation
(Dynex Technologies) at 492 nm and 690 nm (refer-
ence wavelength). The results were shown as per-
centage of total LDH released into the medium. The
LDH release (%) was calculated using the following
equation: 

LDH release (%) = Extracellular LDH / 
Total LDH × 100%.

Statistical analysis

Statistical analysis was performed with the use
of Statistica PL ver. 9.0 Software (StatSoft). The
examined parameters were first evaluated for nor-
mal distribution (Shapiro-Wilk test). One-way
analysis of variance (ANOVA) with NIRís post-hoc
test was used to evaluate significances between
examined groups. Comparison of two data sets was
performed by t-test. Results were expressed as the

means ± standard deviation (SD). Differences were
considered statistically significant when the proba-
bility value p was lower than 0.05.

RESULTS

In the present study, Caco-2 cells were used as
the colon cancer cell model in vitro. The effect of
pterostilbene on their growth was evaluated using
the SRB assay. Cells were incubated in the presence
of different concentrations of pterostilbene (5; 10,
25; 40; 50; 60; 75 and 100 µM) for 48 and 72 h (Fig.
1). The effect of this compound on Caco-2 cell pro-
liferation after 48 h is shown in Figure 1A. Its con-
centrations = 25 mM did not affect cell growth and
higher concentrations (40ñ100 mM) significantly
decreased cellular density. Pterostilbene at all con-
centrations used (5ñ100 µM) caused significant inhi-
bition of cell proliferation when the experimental
time period was elongated to 72 h (Fig. 1B) and the
maximum growth reduction (78%) was observed at
100 mM. The effect of DMSO on the growth of
Caco-2 cell line was also evaluated by culturing
cells in medium containing 0.01% DMSO but no
influence of this compound was found (data not
shown). Taken together, this data demonstrated that
pterostilbene decreased proliferation rate of Caco-2
cells in a time- and dose-dependent manner. 

The effect of pterostilbene on Caco-2 cell
membrane integrity was examined by determining
the percentage of LDH released into the culture
medium following 48 h treatment. As seen in Fig.
2, pterostilbene at concentrations up to 40 µM did
not cause significant increase in the LDH release
and at higher concentrations (= 50 µM) statistical-

Figure 2. Cytotoxicity of pterostilbene evaluated by lactate dehydrogenase (LDH) release from Caco-2 cells after 48 h of incubation.
Data are expressed as the % LDH release above control, *p < 0.05 vs. control.
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ly significant increase in LDH release as compared
with control cells (7ñ11.3% LDH released above
control). The highest accumulation of LDH in
media was observed after treatment of Caco-2
cells with 100 µM pterostilbene. DMSO at con-
centration of 0.01% did not affect LDH release in
this model (data not shown). The study indicated
that pterostilbene exerted cytotoxic activity on
colon cancer cells, but this effect depended on its
concentration

DISCUSSION

Colorectal cancer is one of the most common
tumors in the industrialized countries. Diet strongly
influences the risk of this cancer, and changes in
food habits might reduce up to 70% of colon cancer
incidence rate (11). In addition, a number of studies
point to an increased risk of colorectal cancer with
low consumption of vegetables and fruits (12).
Recently, pterostilbene found in fruits such as
grapes, berries, has been a subject of intense inves-
tigation as cancer chemopreventive agent. The latest
clinical trial showed that pterostilbene is well-toler-
ated and safe for use in humans (13). 

Several studies in animal models have demon-
strated that dietary administration of pterostilbene
inhibited colon tumor development. Diet containing
pterostilbene has been shown to significantly reduce
colon tumor multiplicity when treatment of rats with
pterostilbene was commenced after injection of
colon-specific carcinogen ñ azoxymethane (AOM)
(14). Supplementation of a diet with pterostilbene
inhibited formation of AOM-induced colonic aber-
rant crypt foci and adenomas also in mice (15).
Furthermore, colon tumors from pterostilbene-fed
animals showed reduced expression of a cell prolif-
eration marker, proliferating cell nuclear antigen
(PCNA) (14). 

In cancer biology, cell proliferation is an
important and commonly studied parameter reflect-
ing cellular vitality. Dysregulation of cell prolifera-
tion is a hallmark of cancer cells and assessment of
cellular proliferation is a key component in discov-
ery and development of anticancer drugs (16). As
observed in this study, pterostilbene demonstrated
time- and dose-dependent growth inhibitory effect
on human colon cancer cells Caco-2. Significant
decrease of cell proliferation was observed in cul-
tures incubated with the concentrations of pterostil-
bene = 40 mM for 48 h treatment period. The pro-
longation of cells exposure to stilbenoid up to 72 h
resulted in their considerable growth inhibition com-
pared to untreated control cells at all concentrations

used (5ñ100 mM). These data concur with the
results published by Paul et al. (17), who observed
reduced cell proliferation of colon cancer cells HT-
29 after 24, 48 and 72 h incubation with pterostil-
bene in a dose-dependent manner and the most pro-
nounced growth inhibition after 72 h treatment. In
addition, pterostilbene revealed greater inhibitory
potency toward HT-29 cells proliferation than
resveratrol. 

Furthermore, in the current study, the cytotox-
ic effect of pterostilbene was evaluated by measur-
ing the LDH leakage out of cells. This method is
commonly used as an indicator of cell membrane
integrity and serves to assess cytotoxicity of chemi-
cal compounds (18). Percentage of LDH released to
the medium was measured to find out whether the
growth inhibitory effect of pterostilbene on Caco-2
cells was due to its cytotoxicity. Pterostilbene at
concentrations up to 40 µM did not cause increase in
the percentage of LDH release after 48 h treatment.
Higher concentrations of this stilbene (= 50 µM) sta-
tistically significantly enhanced the leakage of
enzyme resulting from a loss of membrane integrity.
Pterostilbene was reported to reduce cell viability in
colon cancer cells HT-29, HCT116 and Caco-2 and
its concentration required to achieve 50% inhibition
of cell viability after 48 h incubation period was
about 15 µM in HT-29, 12 µM in HCT116 and 65
µM in Caco-2 cells (19). These results differ from
the findings by Harun and Ghazali (20), who did not
observe toxic effects of pterostilbene at concentra-
tions up to 100 µM against HT-29 cells. This might
be, however, due to the shorter incubation period
(24 h) with pterostilbene.

In conclusion, the present study show antipro-
liferative and cytotoxic properties of pterostilbene
against colon cancer cells in vitro. Hence, it can be
suggested that pterostilbene, an active constituent of
berries, holds great promise in the field of chemo-
prevention of colon cancer.
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Melanoma (melanoma malignum) is a malig-
nancy originating from melanocytes, the cells syn-
thetizing pigment called melanin. This cancer devel-
ops predominantly in the skin but also in mucous
membrane or the uvea. Melanoma is a highly
aggressive tumor of a dangerous high incidence and
high metastatic potential. Its occurrence and mortal-
ity rates are constantly growing worldwide (1, 2).
Malignant melanoma is responsible for 65% of skin
malignancy-related deaths and long-term survival
rate for patients with metastatic melanoma is only
5% (3). 

Due to its significant unresponsiveness to con-
ventional treatments, especially at advanced stages
of disease, prophylaxis and early detection seems to
be crucial in fight against melanoma. Recently, a
several chemopreventive strategies for treatment of
this tumor have been proposed (4ñ7). Cancer
chemoprevention involve the use of natural or syn-
thetic substances to reverse, suppress, or prevent the
development of cancer. One of such strategies is to
use therapeutic agent that is capable of inducing dif-
ferentiation of tumor cells and their conversion to
normal melanocytes (8, 9).

Valproic acid (VPA) (Fig. 1a), currently used
as an anti-convulsant and anti-depressant, is one of
the histone deacetylase inhibitors (HDACis).

HDACis alter acetylation of chromatin influencing
gene expression in such a way that tumor suppres-
sive genes are activated, whereas oncogenes expres-
sion is suppressed (10ñ12). VPA, by inhibition of
HDAC1 and HDAC2, elongates the G1 phase of cell
cycle and influences many cell growth and replica-
tion processes. As a result, it exhibits antiprolifera-
tive, proapoptopic and differentiation-stimulating
properties (12ñ14). Moreover, it seems that VPA
sensitizes certain cancers to the standard chemother-
apeutic (15).

5,7-Dimethoxycoumarin (DMC) (Fig. 1b) is
another compound with chemopreventive potential.
This natural product, also called citropten, is found
in the essential oils of lime, lemon and bergamot.
DMC influences phosphorylation of Mek1/2/
ERK1/2 proteins, which are components of mitogen
activated protein kinase (MAPK) signalling path-
way. Consequently, cell cycle is blocked in the
G0/G1 phase, leading to tumor cells growth reduction
and differentiation (16). 

The aim of the study was to investigate the
influence of VPA and DMC on proliferation of
A2058 human melanoma cells. It was also examined
whether these compounds have a synergistic
antiproliferative activity against the investigated
cells.

ANTIPROLIFERATIVE EFFECT OF VALPROIC ACID 
AND 5,7-DIMETHOXYCOUMARIN AGAINST A2058 HUMAN 

MELANOMA CELLS

DANIEL WOLNY, EWA CHODUREK and ZOFIA DZIERØEWICZ
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Department of Biopharmacy, Jednoúci 8 St., 41-200 Sosnowiec, Poland

Abstract: Melanoma is one of the most malignant tumors of a dangerous high incidence and high metastatic
potential. It grows quickly and in an advanced stage is resistant to radio-, chemo- and immunotherapy, which
makes it difficult to cure. Therefore, research efforts are focused on the development of new therapeutics or
chemopreventive strategies. The aim of the study was to investigate whether the valproic acid and 5,7-
dimethoxycoumarin have an antiproliferative activity against A2058 human melanoma cell line. Investigated
compounds inhibited the proliferation of cells, however, no synergistic effect of their co-administration was
observed.
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EXPERIMENTAL

Cell cultures

Human malignant melanoma cell line A2058
were obtained from American Type Culture
Collection. The cells were cultured in minimum
essential medium (MEM, Sigma-Aldrich) supple-
mented with 10% fetal bovine serum (FBS, Sigma-
Aldrich), 100 IU/mL penicillin G, 100 µg/mL strep-
tomycin and 10 mM HEPES (Gibco). The cell were
cultured at standard condition (37OC, humidified
atmosphere of 95% air and 5% CO2). 

Proliferation assays 

The XTT (In Vitro Toxicology Assay Kit, XTT
Based, TOX-2, Sigma-Aldrich) and sulforhodamine
B (In Vitro Toxicology Assay Kit, Sulforhodamine B
Based, TOX-6, Sigma-Aldrich) assays were used to
assess cell proliferation in the presence of tested
compounds. 

Tetrazolium ring of XTT (2,3-bis[2-methoxy-
4-nitro-5-sulfophenyl]-2H-tetrazolium-5-car-
boxyanilide inner salt) is cleaved by mitochondrial
dehydrogenases of viable cells and soluble in water
formazan crystals are formed. Cell were seeded in
96-well plates at initial density of 8 ◊ 103 per well
and cultured in MEM for 24 h. Next medium was
exchanged for medium containing VPA (concentra-
tion range: 0.1ñ10 mM), DMC (10ñ500 mM) and
mixture of 1 mM VPA and 10, 50, 100 and 150 mM
DMC. After 72 h of incubation cells were washed
three times with RPMI (without phenol red dye)
then 100 µL XTT solution was added into each well
for 4 h. The absorbance was measured at 450 nm
(reference 690 nm) using a MRX Revelation plate
reader (Dynex) and was directly proportional to
amount of the living cells.

Sulforhodamine B is a dye capable of binding
to basic amino acid residues of cell proteins. A2058

cell were cultured in 96-well plates (initial density
of 103 per well) for 24 h. Subsequently, cells were
treated with VPA, DMC and their mixture at the
same concentration as in XTT assay. Following 72
h of incubation, cells were washed with PBS
(Sigma-Aldrich), fixed with 10% trichloroacetic
acid (Sigma-Aldrich) and incubated with sulforho-
damine B for 30 min. Next, unbound dye was
washed off using 1% acetic acid (Sigma-Aldrich).
Protein-bounded sulforhodamine B was quantita-
tively liberated with 10 mM Tris base solution and
absorbance was measured at 565 nm (reference 690
nm).

Statistics

To evaluate the influence of VPA and DMC on
the A2058 cells proliferation the arithmetic mean as
a measure of the average and standard deviation as a
measure of dispersion were used. Differences in
cells proliferation were analyzed for statistical sig-
nificance using analysis of variance (ANOVA) fol-
lowed by Tukey test. Normality was verified by
Shapiro-Wilk test, and homogeneity of variance by
Brown-Forsythe test. The p-value of less than 0.05
was considered significant. Analysis was performed
using Statistica 10.0 software (StatSoft).

RESULTS AND DISCUSSION

Melanoma is a cancer difficult to treat. The
prognosis for patient at the late-stage of disease are
very poor. Therefore, it is crucial to develop new
therapies. Histone deacetylase inhibitors (HDACis)
are very promising new antitumor agents. HDACis
restore the equilibrium between the acetylation and
deacetylation of histones, resulting in selective acti-
vation of the genes responsible for the inhibition of
proliferation and the induction of tumor cells differ-
entiation (17). 

Figure 1. The chemical structure of valproic acid (A) and 5,7-dimethoxycoumarin (B)
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Cytotoxic effect of valproic acid, 5,7-
dimethoxycoumarin and a combination of these two
compounds on A2058 human melanoma cell line
was investigated. The effect was measured using
two colorimetric test after the cells had been treated
for 72 h with various concentration of investigated
compounds. Both XTT and sulforhodamine B based
test revealed that VPA, DMC and their mixture
inhibited the proliferation of A2058 cells in a con-
centration depended manner (Fig. 2). This findings
are consistent with results of Chodurek et al. (18,
19) concerning the influence of VPA and DMC on
A-375 and G-361 human melanoma cell lines. The
statistically significant inhibition of cells prolifera-
tion was observed even at the lowest concentrations.
After supplementation of investigated cells with
VPA, DMC and their mixture, the growth of den-
drites and formation of star-shape cells were
observed. These morphological changes may be a
result of melanoma cell differentiation to normal
melanocytes. 

There are evidences that VPA makes tumor
cells more sensitive to standard chemotherapy.
Hubaux et al. (20) investigated the effect of VPA
on small cell lung carcinoma (SCLC) cells in com-
bination with cisplatin and etoposide. The 1 mM
VPA significantly increased apoptosis induced by
10 µM cisplatin or 10 µM etoposide. Valentini et
al. (21) also observed similar effect on M14
melanoma cells when VPA was co-administrated
with standard chemotherapeutics. They observed
that 1 mM VPA combined with 2.5 µM cisplatin or
0.5 µM etoposide inhibited the proliferation of
cells by 50% in comparison to cells treated by
these compounds alone. Finding of Chodurek et al.
(18, 19) revealed that valproic acid increased the
apoptosis of G-361 and A-375 human melanoma
cells caused by 5,7-dimethoxycoumarin. As
observed in Figure 2, although VPA and DMC
caused the inhibition of A2058 melanoma cell pro-
liferation, their co-administration did not increase
this effect.

Figure 2. The effect of VPA and DMC on the proliferation of the human melanoma A2058 cell line evaluated by sulforhodamine B (A)
and XTT assay (B). Each bar represents the mean ± SD; * p < 0.05 versus untreated cells
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CONCLUSION

The results of our study showed that valproic
acid and 5,7-dimethoxycoumarin inhibited the pro-
liferation of A2058 human melanoma cells.
However, no synergistic effect of combined com-
pounds have been observed.
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Cisplatin [cis-diamminedichloroplatinum (II);
CDDP] is one of the most potent and widely used
anticancer drugs for the treatment of lung cancer.
However, the treatment with CDDP and its analogs
is often limited by their side-effects including
nephrotoxicity, neurologic damage, and ototoxicity.
Furthermore, both primary and acquired resistance
to platinum-based drugs limits their application
(1ñ3). Administration of larger doses of CDDP to
overcome the resistance may lead to severe organ
toxicities.

It has been reported that acquired CDDP
resistance in human lung adenocarcinoma cells is
associated with enhanced autophagy (4).
Macroautophagy (hereafter referred to as
autophagy) is an evolutionarily conserved catabolic
process by which cells destruct their cytoplasmic
content and organelles through the lysosomal
machinery. Autophagy is initiated by the formation
of the double-membrane bound short lived vacuoles

(autophagosomes), which sequester cytosolic pro-
teins and organelles such as mitochondria and
endoplasmic reticulum. Autophagosomes fuse with
acidic lysosomes to produce autolysosomes where
the sequestered content is degraded by lysosomal
enzymes, and amino acids and sugars are recycled
into the cytosol for reuse (5). Emerging evidence
shows that autophagy is important in the regulation
of cancer development and progression. However,
the role of autophagy is complicated and autophagy
may cause divergent effects in cells. Autophagy
may protect tumor cells from nutrient deficiency
and hypoxia; but on the other hand, autophagy
defects are associated with development of cancer
(6, 7). The fact that autophagy can have both sup-
pressive and promoting roles in carcinogenesis,
makes it an attractive target in cancer research. As
a tumor suppressing mechanism, autophagy serves
as an alternative to apoptosis to eliminate trans-
formed cells. Nevertheless, autophagy may facili-
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Abstract: In normal and tumor cells, polyunsaturated fatty acids (PUFAs) act as intracellular second messen-
gers, which play a role in signaling, proliferation and cell death. PUFAs have selective tumoricidal action and
may alter sensitivity of tumor cells to cisplatin (CDDP), a commonly used anticancer agent. The aim of this
study was to evaluate the influence of arachidonic acid (AA, 20:4 n-6), eicosapentaenoic acid (EPA, 20:5 n-3),
docosahexaenoic acid (DHA, 22:6 n-3) and CDDP on autophagy and apoptosis in A549 human lung adeno-
carcinoma cells. Viability of A549 cells treated with CDDP and PUFAs was measured using the XTT tetra-
zolium salt based assay. Caspase-3/7 activity was estimated using ApoTox-Glo kit (Promega). Autophagic vac-
uoles were detected by Cyto-ID Autophagy Detection Kit (Enzo). The results were compared to control cul-
tures maintained in the absence of CDDP and PUFAs. PUFAs, in particular EPA and DHA, added to the culti-
vation medium, increased the antitumor activity of CDDP in A549 cells in a concentration dependent manner.
In case of AA this effect was observed at the highest of the concentrations tested only (100 µM). Both, EPA
and DHA, but not AA, significantly increased the amount of autophagic vacuoles and induced caspase-3/7
activity. The obtained results suggest that the antiproliferative effect of CDDP in A549 cells can be enhanced
by AA and in particular by EPA and DHA through their influence on autophagic and apoptotic cell death. It is
likely that EPA and DHA incorporated to the tumor cells may improve outcomes in lung cancer patients.
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tate tumor cells resistance to certain anticancer
drugs (6, 7).

It is well documented that polyunsaturated
fatty acids (PUFAs) found in fish oil, in particular
eicosapentaenoic acid (EPA, 20 : 5, n-3) and
docosahexaenoic acid (DHA, 22 : 6, n-3), exert
selective cytotoxicity against various types of cancer
cells. Moreover, PUFAs can enhance their sensitiv-
ity to anticancer therapy and reverse the resistance
(8, 9). This led us to investigate the effect of arachi-
donic acid (AA, 20 : 4, n-6), EPA, and DHA on
autophagy and apoptosis in A549 human lung ade-
nocarcinoma cells treated with CDDP.

EXPERIMENTAL

Cell culture

A549 human lung adenocarcinoma cells were
obtained from the American Type Culture
Collection (ATCC) and cultured (25000 cells/cm2)
in Modified Eagleís Medium (MEM) supplemented
with 10% heat inactivated fetal bovine serum
(FBS;PAA The Cell Culture Company), 10 mM
buffer HEPES (Sigma), 100 U/mL penicillin and
100 µg/mL streptomycin (Sigma). Cells were main-
tained at 37OC in a humidified atmosphere of 95 %
air and 5 % CO2.

Cell exposure to CDDP and PUFAs

CDDP, AA, EPA, and DHA were purchased
from Sigma. The fatty acids were dissolved in 99%
ethanol and stored as stock solutions (100 mM)
under nitrogen at ñ20OC. To achieve experimental
conditions, PUFAs and CDDP were prepared fresh-
ly from stock solutions and diluted with the appro-
priate volumes of the growth medium. Twenty-four
hours after cell seeding (96-well plates; 1 ◊ 104

cells/well), the medium was replaced with the media
supplemented with CDDP (5 µg/mL) and AA, EPA
or DHA (25, 50, 100 µM). The CDDP concentration
was chosen on the basis of the viability tests results
obtained in our laboratory prior to the experiment.
Control cells were cultured in the medium contain-
ing the same concentration of ethanol (v/v, 0.1%) as
the experimental cultures for another 24 h. Previous
observations showed, that ethanol at this concentra-
tion had not been toxic to the cells. 

Viability assay

Survival of cells exposed to CDDP (5 µg/mL)
or PUFAs (25, 50, 100 µM) and CDDP (5 µg/mL)
together was assessed by the XTT method (In Vitro
Toxicology Assay Kit XTT Based, TOX-2, Sigma)
with a commercial kit according to the manufactur-

erís instruction. The method based on the ability of
mitochondrial dehydrogenases of viable cells to
cleave the tetrazolium ring of XTT (2,3-bis[2-
methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-
carboxyanilide inner salt), yielding orange formazan
crystals, which are soluble in aqueous solutions.
Absorbance of formazan was measured at 450 nm
with the plate reader (Triad LT Multimode Detector,
Dynex Technologies). Cell viability was expressed
as a percentage of absorbance measured in the treat-
ed wells relative to that in the untreated control wells. 

ApoTox-Glo Triplex assay

The ApoTox-Glo Triplex Assay (Promega)
was used to measure A549 cells viability, cytotoxi-
city and apoptosis in the same sample following
manufacturerís protocols. Briefly, viability and
cytotoxicity are measured by fluorescent signals
produced when either live-cell or dead-cell proteas-
es cleave added substrates GF-AFC (viability) and
bis-AAF-R110 (cytotoxicity). GF-AFC can enter
cells and is therefore cleavable by live-cell protease
only, which incidentally becomes inactive when cell
membrane activity is lost; bis-AAF-R110 cannot
enter the cell, and is cleaved only by dead-cell pro-
tease leaked from cells lacking membrane integrity.
Both cleaved substrates have different excitation
and emission spectra. Apoptosis is measured by the
addition of a luminogenic caspase-3/7 substrate
(Caspase-Glo 3/7) which is cleaved in apoptotic
cells to produce a luminescent signal. Fluorescence
at 365 Ex/500 Em (viability), 485 Ex/535 Em (cyto-
toxicity) and luminescence (apoptosis) were meas-
ured with a plate reader (Triad LT Multimode
Detector, Dynex Technologies).

Cyto-ID autophagy detection assay

Cyto-ID kit (Enzo) was used according to the
manufacturerís protocol for fluorescence microplate
reader. Cyto-ID Autophagy Detection Kit measures
autophagic vacuoles and monitors autophagic flux
in live cells using a novel dye that selectively labels
autophagic vacuoles. The dye has been optimized
through the identification of titratable functional
moieties that allow for minimal staining of lyso-
somes while exhibiting bright fluorescence upon
incorporation into pre-autophagosomes, autophago-
somes, and autolysosomes (autophagolysosomes).
The assay offers a rapid and quantitative approach to
monitoring autophagy in live cells without the need
for cell transfection. Rapamycin and tamoxifen, typ-
ical inducers of autophagy, were used as a positive
control and 3-methyladenine (3-MA) as inhibitor of
autophagy (negative control).
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Fluorescence was measured at 365 Ex/465 Em
(Hoechst 33342 nuclear stain) and 485 Ex/535 Em
(Cyto-ID green autophagy detection reagent) with a
plate reader (Triad LT Multimode Detector, Dynex
Technologies).

Statistical analysis

The data obtained from 4 independent series of
experiments were expressed as the mean values ±
standard deviations. Statistical comparisons were
made by analysis of variance (ANOVA), followed

Figure 1. Concentration-dependent (25ñ100 µM) effect of arachidonic acid (AA), eicosapentaenoic acid (EPA) or docosahexaenoic acid
(DHA) on cisplatin (CDDP, 5 µg/mL) cytotoxicity in A549 cells. The viability (A), cytotoxicity (B) and apoptosis (C) of A549 cells
exposed to cisplatin (CDDP) in the absence or presence PUFAs were detected by the ApoTox-Glo Triplex Assay. Data were calculated as
the means ± SD from four independent experiments. a statistically significant differences (p < 0.05) vs. CDDP



Polyunsaturated fatty acids potentiate cytotoxicity of cisplatin in A549 cells 1063

by Tukeyís HSD test. The p-value of less than 0.05
was considered significant. Statistical analysis was
performed using Statistica 10 PL software for
Windows (StatSoft, Poland).

RESULTS AND DISCUSSION 

Cisplatin treatment is known to promote tumor
cell resistance to apoptosis induction via multiple
mechanisms involving gene expression, modulation
of oncogenes, tumor suppressors and blockade of
pro-apoptotic mitochondrial membrane permeabi-
lization. Many cancers have disrupted intrinsic
(mitochondrial dependent) and extrinsic (death
receptor mediated) apoptosis signaling pathways.
The consequential insufficient activation of caspases
is thought to contribute to resistance to chemothera-
py. Many papers have presented data suggesting that
tumor cell autophagy induced by anticancer treat-
ment inhibits tumor cell killing. However, it has also
been proposed that autophagy is a cell death mecha-
nism that could function as a backup when apopto-
sis is disabled. The form of cell death initiated by
autophagy (autophagic cell death) is caspase inde-
pendent. Moreover, an increasing number of studies
have demonstrated that apoptosis and autophagy
share some common signaling pathways and are
mutually regulated (10, 11).

There is increasing interest in the new thera-
peutic approaches based on the knowledge of struc-
ture, function, and alteration of membrane lipids

(12). Supplementation of tumors with long-chained
ω-3 PUFAs results in enrichment of tumor phospho-
lipid fractions with these PUFAs. As components of
membrane phospholipids, PUFAs cause changes of
membrane fluidity and membrane structure, which
may influence receptor-ligand interactions, signal
transduction properties and various membrane
mediated cellular functions (13). Such cells have
membranes with increased fluidity, an elevated
unsaturation index, enhanced transport capabilities
that result in accumulation of selective anticancer
agents and alteration of signaling pathways impor-
tant for cancer progression. (10).

Several in vivo and in vitro studies have report-
ed the increased efficacy of CDDP against human
tumors after DHA supplementation. It has been
shown that both, EPA and DHA downregulated
SOD1, SOD2, GPx-4 and GST-π genes expression
in CDDP treated A549 cells, which may explain the
increased efficacy of this drug against these cells
(14). Moreover, incubation of CDDP-sensitive
(GLC-4) and resistant (GLC-4-CP) small cell lung
carcinoma cells with non-toxic levels of DHA
resulted in an increased accumulation of DHA in the
tumor membranes and a three-fold decrease in the
resistance of GLC-4-CP cells toward CDDP, but
had no influence on the cytotoxicity of CDDP
toward the susceptible GLC-4 cells. DHA enhanced
the sensitivity of drug resistant tumor cells to CDDP
by increasing the intracellular platinum levels, total
platinum bound to DNA and inter- strand cross-link-

Figure 2. Cyto-ID fluorescence in A549 cells exposed to cisplatin (CDDP, 5 µg/mL) in the absence or presence of arachidonic acid (AA),
eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) at various concentrations (25ñ100 µM) detected by the Cyto-ID autophagy
detection assay. Rapamycin and tamoxifen, the typical inducers of autophagy, were used as a positive control and
3-methyladenine (3-MA; 5 mM) as inhibitor of autophagy (negative control). Data were calculated as the means ± SD from four inde-

pendent experiments. a statistically significant differences (p < 0.05) vs. CDDP
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ing in the both cell lines (15). Similarly, the CDDP
resistant ovarian cell line 2780- CP was sensitized to
CDDP by pre-incubation with EPA, whereas, the
parent ovarian line 2780 was not (16). Elmesary et
al. evaluated the antitumor effects of DHA, alone or
in combination with CDDP, in the EAC solid tumor
mice model (17). The study found that DHA
reduced the size of tumors, enhanced the positive
effects of the CDDP chemotherapy, and limited its
harmful side effects. In addition, DHA eradicated
lethal CDDP-induced nephrotoxicity and renal tis-
sue injury. In agreement with the in vitro and in vivo
studies on human cancer cells, the presented results
demonstrated that AA (100 µM), EPA (100 mM)
and DHA (50, 100 µM), caused a significant
decrease in cell viability and a significant increase in
cytotoxicity of CDDP (5 µg/mL) in A549 cells
(Figs. 1A, 1B). Several studies have documented
that DHA simultaneously induced both autophagy
and apoptosis in cancer cells by activating intrinsic
and extrinsic apoptotic pathways (18, 19). Exposure
of A549 cells to CDDP in the presence of EPA (100
µM) or DHA (50, 100 µM) significantly increased
caspase activity and apoptosis (Fig. 1C). 

To examine the possibility that PUFAs and
CDDP induce autophagy in A549 cells, autophagy
was monitored in live cells by measuring the fluo-
rescence intensity using a novel dye (Cyto-ID) that
exhibits bright green fluorescence when selectively
labeling autophagic vacuoles including pre-
autophagosomes, autophagosomes and autophago-
lysosomes. Recently, this assay has been recognized

to be a rapid and quantitative approach to monitor
autophagy in live cells (20). Figure 2 shows the
Cyto-ID fluorescence in A549 cells exposed to
CDDP in the presence or absence of PUFAs. 3-MA,
as an inhibitor of autophagy, blocks the formation of
autophagosomes, by controlling class I and class III
phosphatidylinositol 3-kinases (PI3K) (21, 22). As
expected, it caused a reduction in the cytoplasm
vacuolization and therefore a decrease of Cyto-ID
fluorescence intensity. As shown in Figure 2, the
treatment of A549 cells with CDDP did not induce
autophagy. These results are in agreement with
some previous observations in A549 cells, indicat-
ing that 3-MA enhanced growth inhibition and
apoptotic effect of CDDP in cells with acquired
resistance (A549/DDP) and did not alter its cytotox-
ic effect to the parent A549 cell line (4, 23). After
CDDP treatment in the presence of EPA (100 µM)
or DHA (50, 100 µM) the Cyto-ID fluorescence
intensity significantly increased (Fig. 2), what sug-
gests that autophagic vacuolization in response to
PUFAs treatment occurred. The effect was reverted
when the autophagy inhibitor was applied (Fig. 2).
Statistically significant differences were observed
between CDDP and EPA or DHA treated cells and
CDDP and EPA or DHA plus 3-MA treated cells (p
< 0.01), confirming the reduction of autophagy (Fig.
2). Moreover, the inhibition of the autophagic
process induced an increase in cell viability, what
confirms the occurrence of cell death by autophagy
(Fig. 3). 3-MA did not alter the viability of A549
cells. These results indicate that CDDP toxicity, at

Figure 3. Viability (% of control) of A549 cells exposed to cisplatin (CDDP, 5 µg/mL) in the absence or presence of arachidonic acid (AA),
eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) at various concentrations (25ñ100 µM) and the effect of 3-methyladenine
(3-MA; 5 mM) on CDDP and PUFAs toxicity measured by XTT. Data were calculated as the means ± SD from four independent experi-
ments. a statistically significant differences (p < 0.05) vs. CDDP
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least in part, is increased by EPA or DHA-induced
autophagy. It is likely that EPA and DHA incorpo-
rated to the tumor cells may improve outcomes in
lung cancer patients.
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The pharmacologically active compounds may
produce and interact with free radicals in cells (1ñ7).
Free radicals are formed in tumor cells during patho-
logical process (8ñ11). The modern antitumor com-
pounds should decrease the amount of free radicals
in cells to stop the toxic biochemical reactions dur-
ing cancer transformation. Our earlier studies con-
centrate on changes in free radicals in melanin
biopolymer isolated from A-375 and G-361 human
melanoma malignum cells (12) after application of
valproic acid (VPA), 5,7-dimethoxycoumarin
(DMC), and free radicals in melanin isolated from
A-375 cells exposed on valproic acid (VPA) and cis-
platin (CPT) (13). Melanins are strongly paramag-
netic and they contain the high amounts of o-semi-
quinone free radicals (12ñ21), so their free radicals
are mainly responsible for polymer-drug interac-

tions. The strong decrease of free radicals concen-
trations in melanin from A-375 and G-361 cells after
treatment with both VPA and DMC was observed
(12). Such effect was not obtained after A-375 cells
treated with both VPA and CPT (13). Valproic acid,
5,7-dimethoxycoumarin and cisplatin were recom-
mended as the antitumor compounds (12, 13). Their
effect on free radicals in the whole tumor cells was
not tested.

The aim of this work was to determine the
changes in relative free radical concentrations in A-
2058 human melanoma malignum cells after inter-
actions with valproic acid (VPA) and 5,7-
dimethoxycoumarin (DMC). The influences of
VPA, DMC, and both VPA and DMC on free radi-
cals in A-2058 cells were compared. The results
were discussed relative to our earlier conclusions
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Abstract: Free radicals in A-2058 human melanoma cells were studied by the use of electron paramagnetic res-
onance (EPR) spectroscopy. The aim of this work was to determine the changes in relative free radical con-
centrations in tumor A-2058 cells after treatment by valproic acid (VPA) and 5,7-dimethoxycoumarin (DMC).
The influences of VPA and DMC on free radicals in A-2058 cells were compared with those for human
melanoma malignum A-375 and G-361 cells, which were tested by us earlier. Human malignant melanoma A-
2058 cells were exposed to interactions with VPA, DMC, and both VPA and DMC. The tumor cells A-2058
were purchased from LGC Standards (Lomianki, Poland), and they were grown in the standard conditions: at
37∞C and in an atmosphere containing 95% air and 5% CO2, in the Minimum Essential Medium Eagle (MEM,
Sigma-Aldrich). The A-2058 cells were incubated with VPA (1 mM) and DMC (10 µM) for 4 days. The first-
derivative EPR spectra of the control A-2058 cells, and the cells treated with VPA, DMC, and both VPA and
DMC, were measured by the electron paramagnetic resonance spectrometer of Radiopan (PoznaÒ, Poland) with
microwaves from an X-band (9.3 GHz). The parameters of the EPR lines: amplitudes (A), integral intensities
(I), line widths (∆Bpp), and g-factors, were analyzed. The changes of amplitudes and line widths with
microwave power increasing from 2.2 to 70 mW were drawn evaluated. o-Semiquinone free radicals of melanin
biopolymer are mainly responsible for the EPR lines of A-2058 melanoma malignum cells. The amounts of free
radicals in A-2058 cells treated with VPA, and both VPA and DMC, were lower than in the untreated control
cells. Application of the tested substances (VPA, and both VPA and DMC) as the antitumor compounds was
discussed. DMC without VPA did not decrease free radicals concentration in A-2058 cells. The studies con-
firmed that EPR spectroscopy may be used to examine interactions of free radicals with antitumor compounds.

Keywords: valproic acid, 5,7-dimethoxycoumarin, A-2058 human melanoma cells, free radicals, EPR spec-
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(12, 13) about the effectiveness of VPA and DMC as
the antitumor compounds. Free radicals in melanin
from tumor A-2058 cells were detected by the use of
electron paramagnetic resonance (EPR) spec-
troscopy (12, 13). The same method of free radical
examination in cells was used by now. EPR spec-
troscopy is the useful method in examination of
drugs (22, 23) and the melanin complexes with
drugs (18, 20, 21, 24, 25).

EXPERIMENTAL

Tumor cells

The human malignant melanoma cell line A-
2058 was purchased from LGC Standards (£omian-
ki, Poland). The cell line was grown in the medium
containing the following composition: 90%
Minimum Essential Medium Eagle (MEM, Sigma-
Aldrich), 10% fetal bovine serum (FBS, PAA), 100
U/mL penicillin, 100 µg/mL streptomycin (Sigma-
Aldrich) and 10 mM HEPES (Sigma-Aldrich). The
cells were cultivated in standard conditions (at 37OC,
in a humidified atmosphere containing 5% CO2). 

Tested compounds

Synthetic valproic acid (VPA) and 5,7-
dimethoxycoumarin (DMC) were purchased from
Sigma-Aldrich.

Cells A-2058 were incubated with test com-
pounds (1 mM VPA, 10 mM DMC or their combi-
nation) for 4 days.

EPR measurements

Free radicals in A-2058 tumor cells were
examined by the use of an X-band (9.3 GHz) elec-
tron paramagnetic resonance (EPR) spectrometer
with magnetic modulation of 100 kHz produced by
Radiopan (PoznaÒ, Poland). The EPR spectra were
measured for the cell samples located in thin walled
glass tubes with the external diameter of 1 mm. The
empty tubes were free of paramagnetic impurities,
and they did not reveal EPR signals. The EPR spec-
tra as the first derivative of absorption curves were
recorded by the Rapid Scan Unit from Jagmar
(KrakÛw, Poland). The numerical acquisition (100)
of EPR spectra for each sample was done. The total
microwave power (Mo) produced by klystron of the
EPR spectrometer was 70 mW. The microwave
power was changed by different attenuation in the
range from 2.2 to 70 mW. Additionally, the influ-
ence of microwave power on the parameters of the
EPR spectra was drawn.

Spectroscopic programs of Jagmar (KrakÛw,
Poland) and LabVIEW 8.5 by National Instruments

were used to measure and to analyze the EPR spec-
tra. g-Factors, line widths (∆Bpp), amplitudes (A),
and integral intensities (I) of the examined EPR
spectra were obtained. g-Factors were calculated
according to the formula (26, 27):

g = hν/µBBr

where: h ñ Planck constant, ν ñ microwave frequen-
cy, µB ñ Bohr magneton, Br ñ induction of resonance
magnetic field. Microwave frequency (ν) was
directly measured by MCM101 recorder of EPRAD
(PoznaÒ, Poland). The induction of resonance mag-
netic field (Br) was determined from the EPR line.
∆Bpp depend on magnetic interactions in the samples
(1, 26). 

Amplitudes (A) and integral intensities (I)
increase with increasing amount of free radicals in
the sample (26). Free radical concentration is pro-
portional to integral intensity of the EPR line, which
is defined as the area under the absorption curve
(26). Integral intensities were calculated by double
integration of the first derivative EPR spectra. To
compare the relative concentrations of free radicals
in the tested samples, the values of integral intensi-
ties were divided by the volume of the cells in the
glass tube, and the integral intensities were done in
the arbitrary units. Integral intensities reflect the
concentrations in the cells. The integral intensities
of the analyzed samples were compared with those
for the free radical reference. Ultramarine was the
reference which was used. The second reference
permanently placed in a resonance cavity ñ a ruby
crystal (Al2O3: Cr3) was used to rise the accuracy of
the measurements. 

The effect of microwave power (2.2ñ70 mW)
on amplitudes (A) and line widths of the EPR spec-
tra of the cell samples was examined. Type of broad-
ening (homogeneous or inhomogeneous) of EPR
lines was determined from the correlations between
microwave powers and both amplitudes (A) and line
widths. The spin-lattice relaxation processes were
evaluated from the changes of amplitudes (A) with
microwave power. The faster spin-relaxation
processes give EPR lines, which saturate at the high-
er microwave powers (26).

RESULTS

In the present study, we have assessed the mor-
phology of human malignant melanoma cells A-
2058 incubated in the presence of 1 mM VPA, 10
µM DMC or their combination. In the control cul-
ture (Fig. 1a) large aggregates of spindle-shaped
cells were visible, which were readily adhere to the
surface of the culture vessel. At low concentrations
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of VPA (0.1 and 0.3 mM) there was no difference in
the appearance of cells in comparison to the control.
In contrast, in cultures exposed to 1 mM VPA (Fig.
1b), the number of cells was decreased. The cells
were most often found separate from one another
and their shape was irregular. Part of the cells was
taken a round shape, which indicates their poor
adhesion to the surface of the culture vessel. A sim-
ilar effect was observed in cultures exposed to 10
µM DMC (Fig. 1c) and mixture of 1 mM VPA and
10 µM DMC (Fig. 1d).

For all the tested A-2058 tumor cells: the con-
trol cells and the cells treated with valproic acid and
5,7-dimethoxycoumarin, EPR spectra were obtained
(Fig. 2). The spectra without microwave saturation
effect were observed. In Figure 2, the EPR spectra
measured with microwave power of 62 mW are
compared. 

Free radicals exist in all the tested cell samples,
but their amounts and their EPR parameters differed
for the cells treated with the individual compounds. 

g-Factors characteristic for o-semiquinone free
radicals were obtained for the examined A-2058
human melanoma malignum cells (Table 1). The
broad EPR spectra with line widths in the range:
1.86-1.91 mT were measured (Table 1). Integral
intensities indicated that VPA, and VPA together
with DMC decrease free radical concentrations in

the cells. The lower values of integral intensities, so
the lower free radical concentrations, revealed A-
2058 cells treated with VPA, and VPA and DMC
together (Table 1). The lowest integral intensities
were measured for the tested cells treated with both
VPA and DMC. Integral intensity of the EPR spec-
trum of A-2058 cells interacting with VPA is lower
than integral intensity of the spectrum for these cells
treated with DMC. Integral intensity of the EPR
spectrum of A-2058 cells interacting only with
DMC revealed similar integral intensity as the con-
trol A-2058 cells (Table 1), so DMC did not
quenched free radicals in the tested tumor cells. 

The spectral amplitudes and line widths depend
on microwave power. The changes of the parameters
of the EPR spectra of A-2058 cells are shown in
Figures 3 and 4. The influence of microwave power
(M/Mo) on linewidths of EPR spectra of the control
A-2058, and the cells treated with VPA, DMC, and
both VPA and DMC, shows the broadening of all the
spectra with an increase of microwave power (Fig.
3). This correlation indicates homogeneous broaden-
ing of EPR lines of the examined tumor cells. 

Amplitudes (A) of EPR lines of all the studied
A-2058 human malignant melanoma cells increase
with increasing microwave power, and these lines
are not saturated (Fig. 4). Only for A-2058 cells
treated with both VPA and DMC at the beginning of

Figure 1. Morphology of malignant melanoma A-2058 cells: control (a), cells treated with 1 mM VPA (b), cells treated with 10 mM DMC
(c), cells treated with 1 mM VPA and 10 mM DMC (d)
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Figure 2. EPR spectra of control A-2058 human melanoma malignum cells, and the cells treated with VPA, DMC, and both VPA and DMC.
The spectra were measured with microwave power of 62 mW. B ñ magnetic induction
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Figure 3. Influence of microwave power (M/Mo) on line widths (∆Bpp) of EPR spectra of A-2058 control cells (●), and the cells treated
with VPA (�), DMC (�), and both VPA and DMC (�). M, Mo ñ the microwave power used during the measurement of the spectrum and
the total microwave power produced by klystron (70 mW), respectively

Figure 4. Influence of microwave power (M/Mo) on amplitudes (A) of EPR spectra of A-2058 control cells (●), and the cells treated with
VPA (�), DMC (�), and both VPA and DMC (�). M, Mo ñ the microwave power used during the measurement of the spectrum and the
total microwave power produced by klystron (70 mW), respectively
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EPR line the saturation effect is observed. These
correlations (Fig. 4) are characteristic for fast spin-
lattice relaxation processes in the samples.

DISCUSSION AND CONCLUSIONS

Electron paramagnetic resonance (EPR) meas-
urements indicated that o-semiquinone free radicals
exist in both untreated and treated with VPA and
DMC A-2058 human melanoma malignum cells.
Microwaves were absorbed for all the samples locat-
ed in magnetic field, and EPR spectra were detected
(Fig. 2). The characteristic values of g-factors
(Table 1) for such type of free radicals (14, 18ñ21,
24ñ26) were obtained. 

Free radicals in A-2058 tumor cells are located
near each others, because their EPR lines are very
broad (Table 1). Such located o-semiquinone free rad-
icals strongly dipolar interact, what is responsible for
the measured line broadening (26). Strong dipolar
interactions were also found in the melanin biopoly-
mers (14ñ21). EPR lines of the A-2085 cells are homo-
geneously broadened (Figs. 3 and 4), similar to EPR
lines of melanin biopolymers (14, 18ñ21, 24, 25).
Spin-lattice relaxation processes in A-2058 tumor cells
were different than those in melanin biopolymers of A-
375 and G-361 human melanoma malignum cells (12).
Spin-lattice interactions in A-2058 cells were fast (Fig.
4), and slow spin-lattice relaxation processes were
detected in melanin of A-375 and G-361 cell (12).
Probably, these differences results from the magnetic
interactions of o-semiquinone free radicals of melanin
with the whole structures in A-2085 cells. 

Free radicals have unpaired electrons, which
are responsible for their biochemical activity (1).
Effective drugs should quench free radicals content
in cells to avoid pathological transformation. Such
positive interactions were observed for the tested
VPA (Table 1). Because of the lowest intensities of
EPR lines of A-2058 cells after VPA used together
with DMC (Table 1), it seems better to use them

both. VPA and DMC used together strongly
decrease the amount of o-semiquinone free radicals
in melanin biopolymers from A-375 and G-361 cells
(12). In this study, we obtained the next proof of the
effectiveness of VPA, and VPA used together with
DMC as the antitumor compounds by the use of
electron paramagnetic resonance. 

Reports in the literature indicate that DMC and
VPA can be a new strategy in the treatment of
melanoma (28, 29). 5,7-Dimethoxycoumarin, which
is a natural substance widely distributed in the plant
kingdom, has a wide spectrum of biological activi-
ties. It is a natural chemopreventive agent (28).
Furthermore, valproic acid, applied in the treatment
of epilepsy, can be used in the chemoprevention and
cancer chemotherapy (29).

Taking into account our spectroscopic results
for free radicals, it can be concluded that VPA, and
VPA applied with DMC together may be used as the
antitumor compounds in A-2058 human malignant
melanoma cells therapy, because they decrease free
radical concentrations in these cells. It is expected
that VPA is more effective than DMC, because it
strongly quenches free radicals in A-2058 tumor
cells, while such effect was not observed for DMC.
The lower amounts of free radicals exist in A-2058
cells after treatment with VPA, and VPA applied
with DMC together, so the optimal for antitumor
therapy is to use VPA or VPA and DMC together.
The similar conclusions were obtained by us earlier
(12) for VPA, and VPA and DMC combination
applied in therapy of G-361 human melanoma
malignum cells. The usefulness of DMC without the
other substance was not confirmed in the case of A-
2058 human malignant melanoma cells.
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Table 1. Integral intensities (I), g-factors, and line widths (∆Bpp) of EPR spectra of the studied A-2058 human
melanoma malignum cells. Free radicals concentrations in the cells are proportional to the integral intensities
(I). The data for the control cells and cells treated with VPA, DMC, and both VPA and DMC, are shown. The
EPR spectra were measured with microwave power of 2.2 mW.

Sample I [a. u.] ± 0.2 g ± 0.0002 ∆Bpp [mT] ± 0.02  

A-2058 control 18.0 2.0060 1.91

A-2058 + VPA 15.3 2.0060 1.88

A-2058 + DMC 17.9 2.0058 1.90

A-2058 + VPA + DMC 13.3 2.0060 1.86
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Fullerenes are molecules created solely of car-
bon and have a highly unusual attributes. The small-
est structure in the fullerene family is conformation
C20, which consists of pentagonal rings only, result-
ing in its instability. The C60 is the first fullerene
containing 12 pentagonal and 20 hexagonal rings in
which pentagons do not share an edge. It results in
good stability of the carbon cage. The structure of
C60 is a truncated icosahedron, with two different
bond lengths: the ones between two hexagons are
shorter (bond CñC, length 1.44 �), then between a
hexagon and a pentagon (double-bond C=C, length
1.39 �); average bond length is 1.4 � (1ñ3). The

attributes like structure, geometry, size and shape of
carbon cages yield the possibility to use them as
vehicles to carry substances with pharmacological
activity to molecular target. 

The derivatives of fullerenes are classified into
following categories according to their functional-
ization: endohedral fullerenes with active molecules
residing inside the carbon cage, exohedral with wide
variety of both inorganic and organic groups exist-
ing outside and connected to the fullerenesí exterior
and heterofullerenes ñ when one or more carbon
atoms that form the fullerene carbon cage are
replaced by a non-carbon atom, i.e., a heteroatom.

EXPERIMENTAL

The aim of this investigation was to analyze
possibilities to use fullerenes as the potential carri-
ers of compounds with peptide bond. 

The N-aminoformamide (a), N-hydroxyfor-
mamide (b), N-methylformamide (c) and also their
phosphorous analogues, where nitrogen atom from
amide bond was replaced by phosphorus atom, were
chosen for empirical studies (Fig. 2.). All these com-
pounds were trapped into a carbon cage of fullerene
C60.

The energies of inclusion, deformation and
interaction as well as absolute energy of each exam-
ined compound and their complexes with fullerene
C60 were calculated with the use of the molecular
modeling technique. The calculations for all the
structures were carried out using DFT/B3LYP
method at the level 6-31G** implemented in
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Figure 1. The structure of fullerene C60
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Spartan 08 and Gaussian 03 software (4, 5). The
chosen basis set takes into consideration polariza-
tion functions on carbon and hydrogen atoms. The
first calculation stage was geometry optimization,
establishing the most stable conformation and the
absolute energy (in energetic minimum) of each
examined compound. After that, all the lowest ener-
gy conformers were placed into carbon cage of
fullerene C60 and each complex geometry was opti-
mized. The next step was delimitation of total ener-
gy of endohedral complexes (Ecx). Finally, the ener-
gy values in geometry from endohedral complex ñ
compound@C60 for N-aminoformamide, N-hydroxy-
formamide, N-methylformamide and their phospho-
rous analogues (Ecomp) and empty carbon cage (Ecage)
were calculated.

Stabilization energy (∆Estab) of the endohedral
complexes was calculated as follows:

∆Estab = Ecx ñ (Ecage + Ecomp)
where Ecx ñ complex energy, Ecage ñ fullerene C60 car-
bon cage energy, Ecomp ñ every examined compound
energy.

The energy of compound deformation (Edef)
was calculated as a difference between encapsulated
optimized structure energy and total energy of the
most stable conformation. The deformation energy

of fullerenesí C60 carbon cage was analogically esti-
mated. The inclusion energy was calculated as a dif-
ference between complex energy in energetic mini-
mum and sum of total energies of particular compo-
nents. The interaction energy was calculated as the
difference between complex energy in energetic
minimum and the sum of total energies of particular
components in the complex geometry (in single-
point calculations ñ SP).

RESULTS AND DISCUSSION

The results of the calculations are presented in
Tables below.

Table 1 shows total energies of examined sys-
tems and energies of inclusion as well as interaction
energy, respectively. The presented data reveal that
complexes compound@C60 are thermodynamically
unstable. It refers both to endohedral fullerenes,
including compounds with nitrogen atom, and their
phosphorous analogues. Nevertheless, nitrogen
derivatives have higher stability. It results both from
van der Waals volumes of trapped molecules and
electron stability. The methyl group in both nitrogen
compound and in its phosphorous analogue destabi-
lizes the system the most, while hydroxy one ñ the

Figure 2. The structures of examined compounds
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least, probably due to the size of functional groups in
examined compounds. The inclusion energies range
from 106.7 to 292.5 kcal/mol. Therefore, it could be
concluded that these systems can be created at high-
er temperature (e.g., plasma) and their disintegration
time will depend, in the first approximation, on the
energetic barrier defined by inclusion energy.

Tables 2 and 3 show the total energies of com-
pounds and fullerenes C60 after their geometry opti-
mization and their complex geometry energy values,
as well as their deformation energies. They reveal
the level of deformation energy of disturbed struc-
tures, which are molecules of fullerenes C60 and the

examined compounds, as the result of complex for-
mation. 

The phosphorous analogues are more destabi-
lized except for compounds with hydroxy group ñ
its energy of deformation value is smaller than for
N-methylformamide. It probably results from the
tendency for intermolecular hydrogen bond forma-
tion. The nitrogen derivative with hydroxy group of
high possibility to form this type of bond (size of
molecule, distance between atoms) is relatively less
destabilized. 

Tables 4 and 5 contain bond lengths of exam-
ined compounds after their geometry optimization ñ

Table 1. Total energies of studied systems.

Complex energy Inclusion energy Interraction energy
Compound (Ecx) (Einc) (Eint)

[hartree] [kcal/mol] [kcal/mol]

CHO-NH-NH2 ñ2511.165396 141.7 109.8

CHO-NH-OH ñ2531.057702 106.7 86.0

CHO-NH-CH3 ñ2495.082799 188.8 139.8

CHO-PH-NH2 ñ2797.626637 204.0 148.0

CHO-PH-OH ñ2817.557307 191.0 152.3

CHO-PH-CH3 ñ2781.489139 292.5 207.3

Table 2. The total energy and energy of deformation of studied compounds. 

Energy of deformation
Compound 

Total energy SP
(Edef)[hartree] [hartree]

[kcal/mol]

CHO-NH-NH2 ñ225.216830 ñ225.186915 18.8

CHO-NH-OH ñ245.053341 ñ245.035131 11.4

CHO-NH-CH3 ñ209.209250 ñ209.162445 29.4

CHO-PH-NH2 ñ511.777230 ñ511.719734 36.1

CHO-PH-OH ñ531.687195 ñ531.652959 21.5

CHO-PH-CH3 ñ495.780854 ñ495.684091 60.7

Table 3. The total energy and energy of deformation of fullerene C60.

Energy of Fullerene C60 Total energy SP
deformationÑguestî molecule [hartree] [hartree]
[kcal/mol]

CHO-NH-NH2 ñ2286.174447 ñ2286.153464 13.2  

CHO-NH-OH ñ2286.174447 ñ2286.159638 9.3

CHO-NH-CH3 ñ2286.174447 ñ2286.143197 19.6

CHO-PH-NH2 ñ2286.174447 ñ2286.142816 19.8

CHO-PH-OH ñ2286.174447 ñ2286.147069 17.2

CHO-PH-CH3 ñ2286.174447 ñ2286.135481 24.4
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before (GB) and after (GA) inside fullerenesí cage
placement. In the case of derivatives with hydroxy
group, when the tendency for intermolecular hydro-
gen bond formation is high, the angle values
between atoms were also analyzed. The α is the
angle between atoms: oxygen (Oí) and hydrogen of
hydroxy group and oxygen of formyl group. The β
angle is defined as between carbon and oxygen of
formyl group and hydrogen of hydroxy group. The
distances between the atoms: hydrogen and nitrogen
(Ní) as well as hydrogen and carbon (Cí) in amine
and methyl groups, respectively, were expressed as
the average value of those bond lengths. 

The lengths in amide bond atoms are succumb
to disturbances, the angle alteration is observed and

total geometry of encapsulated molecules undergoes
deformation. The most significant changes are
observed between the atom lengths in CHO-PH-CH3

(phosphorous analogue of N-methylformamide)
molecule, the least in CHO-NH-OH (N-hydroxyfor-
mamide) based on difference between lengths of
particular bonds in investigated compounds. It is not
surprising if the molecule sizes are taken into con-
sideration. The placement of compounds with
hydroxy group inside of carbon cage of fullerene C60

elicited significant shortening of bond lengths
between hydrogen atoms of hydroxy group and oxy-
gen atom of formyl group. In contrast, the probabil-
ity of intermolecular hydrogen bond formation
increased molecule deformation. Together with Oó

Table 4. The comparison of particular bond lengths [�] and angles of nitrogen compounds.

CHO-NH-NíH2 CHO-NH-OíH CHO-NH-CíH3Bond
GB GA GB GA GB GA

C=O 1.219 1.213 1.226 1.224 1.219 1.209

C-N 1.362 1.306 1.353 1.308 1.362 1.302

N-Ní 1.409 1.361

N-Oí 1.402 1.351

N-Cí 1.453 1.392

Oí-H 0.981 1.002

Ní-H (úr.) 1.021 1.011

Cí-H (úr.) 1.093 1.051

Oó-H 2.023 1.495

α 119.09O 128.83O

β 81.41O 88.84O

Table 5. The comparison of bond lengths [≈] and angles of phosphorous analogues. 

CHO-PH-NH2 CHO-PH-OíH CHO-PH-CíH3Bond
GB GA GB GA GB GA

C=O 1.210 1.252 1.209 1.215 1.212 1.199

C-P 1.872 1.803 1.873 1.705 1.868 1.702

P-N 1.715 1.756      

P-Oí 1.665 1.578

P-Cí 1.861 1.760

Oí-H 0.966 1.006

N-H (aver.) 1.011 1.005

Cí-H (aver.) 1.092 1.050

Oó-H 3.493 1.410

α 53.60O 136.92O

β 73.05O 95.64O
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-H distance shortening the α and β angles increase,
as well as the distance between the hydroxy group
atoms. The biggest changes are observed in CHO-
PH-OH (phosphorous analogue of N-hydroxyform-
amide). 

CONCLUSIONS

The results reveal that examined systems con-
sisting of compounds with amide bond and their
phosphorous analogues build into carbon cage of
fullerene C60 are thermodynamically unstable.
However, calculation with the use of DFT method
suggests that those systems could exist despite pos-
itive energies of inclusion values. The energy relat-
ed barrier of fullerene breaking results in retention
of the compound inside the carbon cage in spite of
angles and bond lengths deformation in molecules
of examined compounds. 

The values of deformation, inclusion and inter-
action energies are higher in case of phosphorous
analogues, which can be, in the first approximation,
explained by the phosphorous atom size compared
with the replaced nitrogen atom and consequently
larger so-called van der Waals volume of entire mol-
ecules.

Comparing the results obtained for formamide
incorporated into spherical cap of fullerene C60 by
H. Dodziuk et al. (6) the analogies are apparent.
Energy of stabilization value, calculated with the
use of molecular mechanics (MM) (INSIGHT pro-
gram package (version 98.0) with CVFF and ESFF
force fields), was 62.7 kcal/mol, which is an evi-
dence of complex formamide@fullerene C60 insta-
bility. The stability of complexes with fullerenes
C70, C80, C76, C82 was also studied. It turned out that
the system CHONH2@C82 has achieved the highest
stability, in which energy of stabilization was ñ24.5
kcal/mol. According to the authors of ÑMolecular
mechanics study of endohedral fullerene complexes
with small moleculesî (6) fullerene energy of stabi-
lization depends on many weak interactions between
Ñhostî and Ñguestî, respectively, fullerenes carbon
cage and molecules Ñguestî sizes as well as symme-
try of fullerene. 

The results of analysis performed indicate the
possible use of fullerenes as the carriers of com-
pounds with peptide bond. The study on model
structures: N-aminoformamide, N-hydroxyform-
amide, N-methylformamide and their phosphorous
analogues suggest that fullerene C60 could serve as a
carrier for peptide nature substances not provoking
danger of amide bond structure disturbance. The
geometry deformation of structures trapped in car-
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bon cage could only have influence on properties
and reactivity during their transport to molecular tar-
get.
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While analyzing active pharmaceutical ingre-
dients (APIs) it is necessary to determine both the
assay of the drug substance itself and the content of
impurities in a drug substance. The ideal situation is
when both assay of drug substance and content of
related substances can be determined simultaneous-
ly (1). However, as the impurities must be deter-
mined at relatively low levels, it is often impossible
to select such analytical conditions, which allow to
determine both the API assay and the content of
impurities in one chromatographic run. Drug sub-
stance concentration in a method for the determina-
tion of its purity is often outside the linear range of
the applied detector and an additional analytical
procedure for the drug substance assay must be
developed (2, 3).

An Intelligent Dynamic Range Extension
Calculator (i-DReC) is a new data processing
method for the photodiode array detector, available
in the LabSolutions software by Shimadzu. It allows
to extend the linear range of chromatographic
method by shifting the chromatographic profile to
the wavelength where the target signal is not satu-
rated. The peak area of the acquired chromatogram
is corrected by the factor of the absorption ratio
between the original target wavelength and the
wavelength used by the i-DReC function. The i-
DReC is applied automatically when the intensity of
the target peak exceeds the user-defined threshold
value (4, 5). 

Temozolomide (3,4-dihydro-3-methyl-4-
oxoimidazo-[5,1-d]-as-tetrazine-8-carboxamide;

TZ) is an oral alkylating drug used for the treatment
of primary brain tumors (6, 7). The temozolomide
signal is saturated in the method for the determina-
tion of temozolomide related substances used for the
assessment of the chemical purity of temozolomide
samples manufactured by Pharmaceutical Research
Institute (PRI), which imposed the necessity of
using separate methods for the temozolomide API
assay and purity determination (2). 

The aim of the study was to apply the i-DReC
data analysis function of the LabSolutions software
to the determination of temozolomide assay using a
method for the chemical purity determination. It was
possible in spite of the temozolomide signal being
saturated. 

EXPERIMENTAL

Reagents and equipment 

Acetonitrile (ACN) and methanol (MeOH) of
HPLC grade (Super Gradient) were obtained from
POCh (Poland). Acetic acid (HAc, > 99.8%) was
purchased from Fluka (Germany). Demineralized
water (< 0.0055 µS/cm) from Polwater system
(Poland) was used throughout the investigation. All
analyses were performed using the UHPLC
Shimadzu Nexera X2 with LC-30AD pumps, an
SIL-30AC autosampler, a CTO-20AC column oven,
a DGU-20A5R degasser, an SPD-30AD DAD
detector and the LabSolutions 5.54 SP5 software
(Shimadzu, Japan). The separations were carried out
using an Aqua C18, 250 ◊ 4.6 mm, 5 µm column
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(Phenomenex, USA). The temozolomide samples
were manufactured by PRI.

Analytical procedures

The method for the determination of the temo-
zolomide chemical purity was as follows: eluent A:
0.5% acetic acid in water, eluent B: acetonitrile, gra-
dient elution program: t (min)/%B: 0/8; 8/8; 28/40;
31/8; 36/8, column temperature: 25OC; autosampler
temperature: 5 ± 2OC; flow rate: 1 mL/min; injection
volume: 20 µL; UV detection wavelength: λ = 254
nm; diluent: water with 0.5% HAc : ACN (4 : 1,
v/v); concentration of temozolomide in the investi-
gated sample solutions: 1 mg/mL. The validation of
the method for the determination of the temozolo-
mide chemical purity as well as important notes on
the sample preparation were described in the previ-
ous publication (2). The reference method for the
temozolomide assay was as follows: mobile phase:
0.5% HAc in water : MeOH (9 : 1, v/v); isocratic

elution; duration of analysis: 20 min; column tem-
perature: 25OC; autosampler temperature: 5 ± 2OC;
flow rate: 1 mL/min; injection volume: 10 µL; UV
detection wavelength: λ = 254 nm; diluent: 0.5%
HAc : ACN (9 : 1, v/v); concentration of temozolo-
mide in the investigated sample solutions: 0.25
mg/mL. 

The applied i-DReC settings were as follows:
threshold: 500 mAU; wavelength for correction: 500
mAU (Auto); direction: +; intensity to extract: 500
mAU.

RESULTS AND DISCUSSION

The chromatographic procedure used for the
determination of related substances in temozolo-
mide is not suitable for the determination of the
temozolomide assay. The concentration of TZ in the
samples used for the determination of related sub-
stances is relatively high (1 mg/mL), so the TZ sig-

Figure 1. Comparison of calibration curves with application of i-DReC function (circles) and without application of i-DReC (squares) and
comparison between the ratio of intensity/ concentration and concentration of temozolomide in the range used for assay determination
(80ñ120% i.e., 0.8ñ1.2 mg/mL)



Application of new data processing method for the photodiode array... 1081

nal is saturated. Therefore, it was necessary to
develop another procedure for the determination of
the TZ assay to perform routine analyses of the TZ
samples manufactured by PRI (2). As the i-DReC
function allows to perform a quantitative analysis
even outside the linear range of the method, an
attempt to determine the TZ assay with the use of
the method destined for the determination of the TZ
purity was undertaken. Calibration curves were plot-
ted in the range from 0.30 µg/mL (0.03% in relation
to the initial TZ concentration) to 1.2 mg/mL (120%
in relation to the initial TZ concentration). Thus, the
chosen calibration range covered the concentrations
used for the determination of related substances
according to the guidelines (8), i.e., from the limit of
quantitation, which was formerly set at 0.30 µg/mL

(0.03% in relation to the initial TZ concentration)
level (2) to 120% of the specification limit for both
unknown and known impurities, i.e., 1.2 µg/mL and
1.5 µg/mL, respectively (0.12% and 0.15% in rela-
tion to the initial TZ concentration, respectively).
The calibration curve also contained the concentra-
tion range required for the assay determination, i.e.,
80ñ120% of the test concentration (0.8ñ1.2 mg/mL).

The results of the temozolomide assay deter-
mination with and without the use of the
i-DReC function were compared with the results

obtained with the reference assay method (Table 1).
The tests were carried out for eight independent
temozolomide samples. As it is shown in Table 1,
the assay of temozolomide is significantly underes-
timated when the calibration curve without the i-

Table 1. Comparison of the results of temozolomide assay determined using the method for chemical purity with and without i-DReC
and the reference assay method

Assay determined Assay determined usingReference
using the method the method for No. of assay

for chemical purity chemical purity withsample   method
without i-DReC i-DReC[%]

[%]   [%]

1 100.6 76.2 100.0

2 99.0 75.3 98.9

3 100.0 76.5 100.4

4 99.1 75.2 98.7

5 99.6 75.8 99.6

6 99.7 75.7 99.4

7 98.5 75.6 99.3

8 98.6 76.0 99.8

Statistical analysis comparison of the results of temozolomide assay

xñ 99.4 75.8 99.5

SD 0.7 0.4 0.6

Snedecor`s F-test F ñ 0.37 0.61   

F = SD2
2/SD1

2 Fcr = 3.79 F ≤ Fcr ñ the difference between the standard deviations 
Fcr(α = 0.05, f = n-1) is not significant

Studentís t-test t - 79.156 0.310
t >> tcr ñ the 

tc r= 2.149 difference between t ≤ tcr ñ the difference 
the average results between the average

tcr(α = 0.05, f = 2n-2) is significant results is not significant

Statistical analysis comparison of the results of linearity 

n 13 13

Regression line y = 424002x + 78094 y = 322672x + 88608

SDa = 7733 SDa = 2385
Standard deviation SDb = 496533 SDb = 153165

SDxy = 1324961 SDxy = 408708

R2 0.9964 0.9994

⎪xñ1 ñ xñ2⎪t = ñññññññññ ∑ √n
√s1

2 + s2
2
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DReC correction is used for the calculation of the
results. On the other hand, the results calculated
with the use of the calibration curve with the i-
DReC correction are consistent, compared to the
results acquired with the reference assay method.
The performed statistical tests (Snedecorís F-test
and Studentís t-test) confirmed that the application
of the i-DReC procedure allows to obtain valid
results of the temozolomide assay in contrast to the
procedure without the application of the i-DReC.
The comparison of the calibration curves plotted for
the results obtained with and without the application
of the i-DReC clearly denotes that the linearity is
lost at higher TZ concentration levels (Fig. 1). The
application of the i-DReC function allowed to cor-
rect the linearity and carry out quantitative measure-
ments even at high TZ concentrations. The compar-
ison between the ratio of intensity/concentration and
the concentration of temozolomide in the range used
for the assay determination (80ñ120% i.e., 0.8ñ1.2
mg/mL) shows that the application of the i-DReC
function allows to maintain the ratio within the ± 5%
confidence level. 

As the i-DReC is a relatively new function,
there is a scarcity of literature data referring to this
featureís application. However, there are two tech-
nical notes released by Shimadzu where the applica-
tion of the i-DReC in pharmaceutical analyses is
presented (6, 7). It was demonstrated that it is possi-
ble to simultaneously quantify both the major com-
ponent at a high concentration level and the impuri-
ties at low levels with the application of the i-DReC.
The results described in the current paper also con-
firm that the use of the i-DReC function allows to
quantify the major component in pharmaceutical
samples, even at high concentrations. 

CONCLUSION

The comparison of the determination results of
the temozolomide assay with the use of the analyti-
cal procedure for the purity determination and the

application of the i-DReC function with the results
obtained for the separate reference assay method
revealed a good coherence between them. It is thus
possible to use only one chromatographic run
instead of two procedures to quantify both the major
component and related substances, which allows to
reduce the solvent consumption, lower the costs of
the analysis and save time. 
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The role glycans play in protein function,
receptor binding and cell adhesion has spawned a
great deal of research toward the identification of
molecules that alter their structures. The develop-
ment of improved methods for carbohydrate synthe-
sis and particularly glycosidic bond formation is
therefore crucial (1). The key role played by L-
fucose in glycoprotein and cellular function has
prompted significant research toward identifying
recombinant and biochemical approaches for block-
ing its incorporation into proteins and membrane
structures (2, 3). Also deoxyfucose anologues such
as L-rhodinose (2,3,6-trideoxy-L-threo-hexopyra-
nose), and L-oliose (2,6-dideoxy-L-lyxo-hexopyra-
nose), occur as structural moieties of many bioactive
natural products and often play an important role in
their mechanism of action, in particular for DNA
interaction of anti-cancer drugs (4, 5). Therefore,
utilization of L-fucal derivatives as building blocks
for the total synthesis of various deoxy glycosides is
of great interest in bioorganic and medicinal chem-
istry. 

In connection with our own studies in this area
(6ñ9) we became interested in the prospect of devel-
oping a simple method that would lead to various L-
fucosyl derivatives of uridine as a potential GTs
inhibitors (10). Glycosyltransferases (GTs) are fam-
ily of enzymes that are responsible for the biosyn-
thesis of glycoconjugates such as glycolipids and
glycoproteins as well as oligo- and polysaccharides
which are crucial factors in bacterial and viral infec-
tions (11). Thus, the development of new selective

inhibitors is of great importance in dealing with bac-
terial and fungal diseases (12, 13). 

EXPERIMENTAL

NMR spectra were recorded on Agilent spec-
trometer 400 MHz and Bruker AV spectrometer 400
MHz using TMS as internal standard and CDCl3 as a
solvent. NMR solvent was purchased from ACROS
Organics (Geel, Belgium). Chemical shifts (δ) are
expressed in ppm and coupling constants (J) in Hz.
Optical rotations were measured with a JASCO 2000
polarimeter using a sodium lamp (589.3 nm) at room
temperature. Electrospray-ionization mass spectrome-
try was performed on a 4000 QTrap (Applied
Biosystems/MDS Sciex) mass spectrometer. Reactions
were monitored by TLC on precoated plates of silica
gel 60 F254 (Merck). TLC plates were inspected under
UV light (λ = 254 nm) or charring after spraying with
10% sulfuric acid in ethanol. Crude products were
purified using column chromatography performed on
silica gel 60 (70ñ230 mesh, Fluka) developed with
hexane/EtOAc and CHCl3/MeOH as solvent systems.
Organic solvents were evaporated on a rotary evapora-
tor under diminished pressure at 40OC.

All selectively protected substrates: 4-O-ben-
zyl-L-fucal 1 (14), 2í,3í-bis-O-(tert-butyldimethyl-
silyl)uridine 3 (15) and 2í,3í-O-isopropylidene-uri-
dine-5í-carboxylic acid 11 (16) were prepared
according to published procedures. Other chemicals
were purchased from Acros and POCh Chemical
Companies and were used without purification. 
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3-O-[4-O-Benzyl-2,3,6-trideoxy-αα-L-threo-hex-2-

enopyranosyl]-1,5-anhydro-4-O-benzyl-2,6-

dideoxy-2,6-dideoxy-L-lyxo-hex-1-enitol (2)

To a solution of the sugar 1 (1 g, 4.5 mmol) in
toluene (40 mL) sat. aq. NaOH (4 mL) was added.
The mixture was stirred for 20 min, then a catalytic
amount of Bu4N+I- (84 mg, 0.23 mmol) and pTsCl
(438 mg, 2.3 mmol) were added. The reaction was
stirred at room temperature until TLC (hexane :
ethyl acetate, 3 : 1, v/v) showed complete consump-
tion of the starting material. The solution was then
diluted with toluene (50 mL) and quenched with
H2O (100 mL). The aqueous layer was extracted
with toluene (60 mL). The combined organic phases
were washed with brine (2 ◊ 100 mL), dried over
anhydrous MgSO4 and concentrated to give a crude
residue, that was purified by column chromatogra-
phy on silica gel with hexane : EtOAc (20 : 1, v/v)
to give disaccharide 2ααββ as a colorless syrup (α : β
4 : 1), yield 645 mg (65%). Diastereoisomer α was
separated by crystallization from diethyl ether-hexa-
ne. Disaccharide 2αα was obtained as white solid in
40% yield, m.p. 106ñ108 C,  = 228.1 (c 0.4, CHCl3).
1H-NMR (400 MHz, CDCl3, δ, ppm): 7.40ñ7.23 (m,
10H, Harom), 6.33 (dd, J = 6.2, 1.6 Hz, 1H, H-1), 6.13
(ddd, J = 10.0, 5.2, 0.7 Hz, 1H, H-3í), 5.97 (dd, J =
10.1, 3.0 Hz, 1H, H-2í), 5.23 (d, J = 2.9 Hz, 1H, H-
1í), 4.84, 4.67 (qAB, J = 11.9 Hz, 2H, 4-O-Bn), 4.76
(ddd, J = 6.2, 3.1, 1.1 Hz, 1H, H-2), 4.66, 4.57
(qAB, J = 12.0 Hz, 2H, 4í-O-Bn), 4.52 (ddd, J = 5.7,
2.9, 1.4 Hz, 1H, H-3), 4.23 (qd, J = 6.6, 2.6 Hz, 1H,
H-5í), 4.14 (dq~q, J = 6.1 Hz, 1H, H-5), 3.72 (dd, J
= 2.9, 1.3 Hz, 1H, H-4), 3.52 (dd, J = 5.3, 2.6 Hz,
1H, H-4í), 1.36 (d, J = 6.6 Hz, 3H, 6í-CH3), 1.29 (d,
J = 6.7 Hz, 3H, 6-CH3); 13C-NMR (101 MHz,
CDCl3, δ, ppm): 144.2 (C1), 138.6 (CIV

-Ph),, 138.4
(CIV

-Ph), 129.4 (C-2í), 128.4, 128.4, 128.05, 127.8,
127.7, 127.6 (10 Carom), 127.4 (C-3í), 101.2 (C-2),
94.4 (C-1íα), 73.6 (CH2Ph), 73.5 (C-4), 72.5 (C-5),
70.9 (CH2Ph), 70.2 (C-3), 69.4 (C-4í), 66.4 (C-5í),
16.4 (C-6í), 16.0 (C-6).

Addition reaction of uridine derivative 3 to unsat-

urated disaccharide 2

To the mixture of disaccharide 2 (100 mg,
0.237 mmol) and the uridine derivative 3 (123 mg,
0.260 mmol) in dry CH2Cl2 (5 mL) molecular sieves
4� were added and the mixture was cooled to 0OC in
ice-water (Table 1, entry 2). Then, a catalytic amount
(8 mg, 0.024 mmol) of triphenylphosphine hydro-
bromide (TPHB) in CH2Cl2 (1 mL) was added drop-
wise via syringe. The reaction was monitored by
TLC (hexane : AcOEt, 2 : 1, v/v) and finally finished
by addition of Et3N (0.05 mL). Molecular sieves
were filtered off and solvents were evaporated under
reduced pressure. The residue was purified by col-
umn chromatography (hexane : AcOEt, 4 : 1, v/v) to
yield the glycoconjugates: 4 (55 mg, 26%), 5 (46 mg,
29%) and 6 (10%, in a mixture with uridine 3).

Glycoconjugate 4 

Colorless syrup, α : β = 5 : 1; selected NMR
data: 1H-NMR (400 MHz, CDCl3, δ, ppm): 8.34 (s,
1H, NHur), 8.15 (d, J = 8.2 Hz, 1Hβ, H-6ur β-isomer),
7.80 (d, J = 8.2 Hz, 1H, H-6ur α-isomer), 7.41ñ7.23
(m, 10H, Harom), 6.15 (dd, J = 10.0, 5.3 Hz, 1H, H-
3í), 5.98ñ5.92 (m, 2H, H-2í, H-5ur), 5.75 (d, J = 1.6
Hz, 1H, H-1íur), 5.22 (d, J = 2.8 Hz, 1H, H-1í α-iso-
mer), 5.08 (d, J = 2.9 Hz, 1Hβ, H-1í β-isomer), 4.96
(d, J = 3.5 Hz, 1H, H-1α), 4.87, 4.64 (qAB, J = 11.7
Hz, 2H, CH2Ph), 4.67, 4.57 (qAB, J = 11.9 Hz, 2H,
CH2Ph), 4.25ñ4.14 (m, 2H, H-5í, H-4íur), 4.11ñ4.02
(m, 3H, H-3, H-2íur, H-3íur), 4.04 (dd, J = 11.8, 2.7
Hz, 1H, H-5aíur), 3.80 (q, J = 6.5 Hz, 1H, H-5), 3.58
(dd, J = 5.4, 2.7 Hz, 1H, H-4í), 3.57ñ3.53 (m, 1H,
H-4), 3.48 (dd, J = 11.8, 2.6 Hz, 1H, H-5bíur),
2.32ñ2.21 (m, 1H, H-2eq), 1.98 (dd, J = 12.9, 5.0 Hz,
1H, H-2ax), 1.32 (d, J = 6.7 Hz, 3H, 6í-CH3), 1.18 (d,
J = 6.5 Hz, 3H, 6-CH3), 0.91, 0.90 (2 ◊ s, 18H, 2 ◊
C(CH3)3), 0.16, 0.10, 0.08, 0.07 (4 ◊ s, 12H, 2 ◊
Si(CH3)2). 13C-NMR (101 MHz, CDCl3, δ, ppm):
162.69 (C=O), 149.92 (C=O), 139.51 (C-6ur),
138.68, 138.49 (2CIV), 129.31 (C-2í), 128.45,

Table 1. Reaction conditions for addition of uridine 1 to unsaturated disaccharide 4.

Entry Reaction
Temp. Time Products / Yield [%]

conditions [OC] 4 5 6*

1. 
TPHB, 

10 10 min 11 49 ~20

2.
CH2Cl2

0 3 0 min 26 29 ~10

3. ñ20 4 h 13** 12** ñ

* in a mixture with 3; ** consumption rate of 2 only 38%
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128.34, 128.32, 128.28, 127.88, 127.81, 127.72,
127.68, 127.56 (Carom, C-3í), 102.27 (C-5ur), 98.58
(C-1), 93.47 (C-1í), 90.16 (C-1íur), 81.67 (C-4íur),
76.04 (C-4), 75.63, 73.45, 70.33 (C-3, C-2íur, C-
3íur), 74.82, 70.23 (2 ◊ CH2Ph), 69.12 (C-4í), 67.09
(C-5í), 66.93 (C-5), 65.06 (C-5íur), 31.88 (C-2),
25.85, 25.78 (2 ◊ C(CH3)3), 18.11, 18.03 (2 ◊
C(CH3)3), 17.29 (6-CH3), 16.38 (6í-CH3), ñ0.00,
ñ4.17, ñ4.46, ñ4.85, ñ5.00 (2 ◊ Si(CH3)2).

Glycoconjugate 5 

Colorless syrup, α : β = 10 : 1; selected NMR
data: 1H-NMR (400 MHz, CDCl3, δ, ppm): 8.91
(br.s, 1H, NHur), 8.15 (d, J = 8.2 Hz, 1H, H-6ur α-
isomer), 7.80 (d, J = 8.2 Hz, 1Hβ, H-6ur β-isomer),
7.41ñ7.28 (m, 5H, Harom), 6.20 (dd, J = 10.3, 5.1 Hz,
1H, H-3), 5.95 (dd, J = 10.1, 3.0 Hz, 1H, H-2), 5.75
(d, J = 1.6 Hz, 1H, H-1íur β-isomer), 5.72 (d, J = 1.5
Hz, 1H, H-1íur α-isomer), 5.48 (dd, J = 8.2, 2.3 Hz,
1H, H-5ur), 5.08 (br.d, J = 2.9 Hz, 1H, H-1α),
4.98ñ4.95 (m, 1Hβ, H-1β) 4.66, 4.59 (qAB, J = 11.9
Hz, 2H, CH2Ph), 4.27ñ4.17 (m, 2H, H-3íur, H-
5aíur), 4.10ñ4.00 (m, 1H, H-2íur, H-4íur), 4.03 (dq, J
= 6.6, 2.6 Hz, 1H, H-5), 3.55ñ3.52 (m, 1H, H-5bíur),
3.51 (dd, J = 5.4, 2.7 Hz, 1H, H-4), 1.36 (d, J = 6.6
Hz, 3H, 6-CH3), 0.91, 0.90 (2 ◊ s, 18H, 2 ◊
C(CH3)3), 0.17, 0.09, 0.08, 0.06 (4 ◊ s, 12H, 2 ◊
Si(CH3)2); 13C-NMR (101 MHz, CDCl3, δ, ppm):
163.37 (C=O), 150.11 (C-6ur), 140.56 (CIV arom),
138.26, 128.49, 128.44, 128.13, 127.81 (Carom, C-2,
C-3), 101.01 (C-5ur), 94.08 (C-1), 90.16 (C-1íur),
81.82 (C-3íur), 76.15 (C-2ur), 71.23 (CH2), 70.10 (C-
4íur), 68.94 (C-4), 66.97 (C-5), 64.49 (C-5íur), 25.83,
25.80 (2 ◊ C(CH3)3), 18.11, 18.04 (2 ◊ C(CH3)3),
16.36 (6-CH3), ñ4.23, ñ4.48, ñ4.91, ñ5.09 (2 ◊
Si(CH3)2); LRMS (ESI): calcd. for C34H54N2O8Si2Na
([M + Na]+): m/z 697.9619; found: m/z 697.7.

Glycoconjugate 6 

Compound 6 (α-isomer, 16 mg, 10%) was iso-
lated as an inseparable mixture (27 mg) with sub-
strate 3 (mol ratio 1:1 ñ according to 1H-NMR); 1H-
NMR (400 MHz, CDCl3, δ, ppm): 8.93 (s, 1H,
NHur), 8.88 (s, 1H, NHur), 7.92 (d, J = 8.2 Hz, 1H, H-
6ur), 7.61 (d, J = 8.1 Hz, 1H, H-6ur), 7.41ñ7.28 (m,
5H, Harom), 5.75 (dd, J = 8.2, 2.1 Hz, 1H, H-5ur), 5.72
(dd, J = 8.3, 2.4 Hz, 1H, H-5ur), 5.71 (d, J = 2.1 Hz,
1H, H-1íur), 5.47 (d, J = 5.3 Hz, 1H, H-1íur), 4.95 (d,
J = 3.0 Hz, 1H, H-1α), 4.84, 4.69 (qAB, J = 11.6 Hz,
1H), 4.58ñ4.53 (m, 1H, H-2íur), 4.22ñ4.15 (m, 2H,
H-3íur, H-4íur), 4.11ñ4.07 (m, 2H, H-2íur, H-4íur),
4.05 (dd, J = 12.1, 2.3 Hz, 1H, H-5aíur), 4.04 (dd, J
= 7.3, 4.0 Hz, 1H, H-3íur), 3.94 (dd, J = 12.3, 2.1 Hz,
1H, H-5aíur), 3.93ñ3.87 (m, 1H, H-3), 3.85 (dq, J =

13.5, 6.8 Hz, 1H, H-5), 3.72 (br.dd, J = 12.2, 1.3 Hz,
1H, h-5bíur), 3.55 (d, J = 2.8 Hz, 1H, H-4), 3.47 (dd,
J = 11.7, 2.4 Hz, 1H, H-5bíur), 3.02 (br.s, J = 15.6
Hz, 1H, 3-OH), 1.96 (dd, J = 12.1, 3.5 Hz, 1H, H-
2eq), 1.87 (dd, J = 12.8, 5.1 Hz, 1H, H-2ax),
1.73ñ1.55 (m, 1H, OH), 1.28 (d, J = 6.6 Hz, 3H, H-
6), 0.91, 0.89, 0.88 (3 ◊ s, 36H, 2 ◊ C(CH3)3), 0.17,
0.10, 0.09, 0.07, 0.07, 0.05, 0.04 (7 ◊ s, 24H, 4 ◊
Si(CH3)2); 13C-NMR (101 MHz, CDCl3, δ, ppm):
163.24, 163.08, 150.26, 149.97 (4 ◊ C=O), 143.03,
139.84 (2 ◊ C-6ur),, 138.13 (CIV arom), 128.61, 128.08,
128.07 (Carom), 102.11, 101.53 (2 ◊ C-5ur), 98.40(C-
1), 94.02, 90.34 (C-1), 86.16 81.66 (2 ◊ C-4íur),
79.18 (C-4), 76.00 (C-2íur), 75.89 (CH2Ph), 73.56
(C-2íur), 71.71, 70.03 2 ◊ (C-3íur), 67.06 (C-5),
66.19 (C-3), 65.04, 61.67 (2 ◊ C-5íur), 33.61 (C-2),
25.81, 25.80, 25.78 (4 ◊ C(CH3)3), 18.06, 18.05,
18.02, 17.94 (4 ◊ C(CH3)3), 17.31 (6-CH3), ñ4.19,
ñ4.44, ñ4.45, ñ4.63, ñ4.80, ñ4.87, ñ4.93, ñ5.11 (4 ◊
Si(CH3)2).

General procedure for deprotection of tert-butyl-

dimethylsilyl groups

To the solution of anhydrous Bu4NF (87 mg,
0.340 mmol) in CH3CN (1 mL) the solution of gly-
coconjugate 4 or 5 (0.034 mmol) in CH3CN (1 mL)
was added. The reaction mixture was stirred at room
temperature for 30 min and monitored by TLC
(CHCl3 : MeOH, 10 : 1, v/v). Then, the mixture was
dissolved in chloroform (15 mL) and washed with
saturated aq. solution of NaHCO3 (20 mL) and water
(20 mL). The organic phase was dried over anhy-
drous MgSO4 and concentrated to give a crude
residue, that was purified by column chromatogra-
phy on silica gel with CHCl3 : MeOH (25 : 1, v/v)
elution system to give corresponding products 7 and
8 (isolated only the α anomers).

Glycoconjugate 7 

Colorless syrup, 67% yield, α-isomer,  = 30.5
(c 0.4, MeOH). 1H-NMR (400 MHz, CDCl3, δ,
ppm): 9.35 (s, 1H, NHur), 7.73 (d, J = 8.1 Hz, 1H, H-
6ur), 7.40ñ7.23 (m, 10H, Harom), 6.15 (dd, J = 10.3,
4.9 Hz, 1H, H-3ë), 5.91 (dd, J = 10.1, 3.0 Hz, 1H, H-
2ë), 5.82 (dd, J = 8.2, 1.4 Hz, 1H, H-5ur), 5.78 (d, J
= 3.6 Hz, 1H, H-1íur), 5.13 (d, J = 2.9 Hz, 1H, H-1ë),
4.96 (d, J = 3.2 Hz, 1H, H-1α), 4.85, 4.61 (qAB, J =
11.6 Hz, 2H, CH2Ph), 4.65, 4.57 (d, J = 11.9 Hz, 2H,
CH2Ph), 4.29ñ4.11 (m, 4H, H-5í, H-2íur, H-3íur, H-
4íur), 4.01 (m, 1H, H-3), 3.95 (dd, J = 11.7, 2.4 Hz,
1H, H-5aëur), 3.77 (q, J = 6.6 Hz, 1H, H-5),
3.56ñ3.49 (m, 3H, H-4, H-4ë, H-5bëur), 3.27 (s, 1H,
OH), 2.23 (ddd, J = 12.7, 3.8 Hz, 1H, H-2eq), 1.86
(dd, J = 12.9, 4.7 Hz, 1H, H-2ax), 1.67 (s, 1H, OH),
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1.31 (d, J = 6.7 Hz, 3H, 6í-CH3), 1.18 (d, J = 6.5 Hz,
3H, 6-CH3). 13C-NMR (101 MHz, CDCl3, δ, ppm):
182.67 (C=O), 163.11 (C=O), 139.58 (C-6ur),
138.44, 138.43 (2 CIV arom), 129.20 (C-2í), 128.39,
128.31, 128.27, 128.10, 127.79, 127.70, 127.68
(Carom, C-3í), 102.20 (C-5ur), 98.95 (C-1), 93.53 (C-
1ë), 91.64 (C-1íur), 84.46 (C-4íur), 77.20, 76.00,
75.78, 74.82 (C-3, C-4, C-2íur, C-3ëur), 73.20, 70.81
(2 ◊x CH2), 69.38 (C-4í), 67.32 (C-5ë), 66.89 (C-5),
66.69 (C-5íur), 31.95 (C-2), 17.27 (6-CH3), 16.44
(6í-CH3); LRMS (ESI): calcd. for C35H42N2O11Na
([M + Na]+): m/z 689.7045; found: m/z 689.8.

Glycoconjugate 8 

Colorless syrup, 85% yield, α-isomer,  = 163.3
(c 0.73, MeOH); 1H-NMR (400 MHz, CDCl3, δ,
ppm): 10.10 (br.s, 1H, NHur), 8.00 (d, J = 8.2 Hz,
1H, H-6ur), 7.37ñ7.25 (m, 5H, Harom), 6.18 (dd, J =
10.1, 5.1 Hz, 1H, H-3), 5.98 (dd, J = 10.1, 2.9 Hz,
1H, H-2), 5.86 (d, J = 2.1 Hz, 1H, H-1íur), 5.56 (dd,
J = 8.2, 1.2 Hz, 1H, H-5ur), 5.11 (d, J = 2.8 Hz, 1H,
H-1), 4.65, 4.57 (qAB, J = 11.8 Hz, 2H, CH2Ph),
4.25ñ4.12 (m, 3H, H-2íur, H-3íur, H-5aëur), 4.03 (qd,
J = 6.5, 2.6 Hz, 1H, H-5), 3.65 (dd, J = 11.2, 2.0 Hz,
1H, H-5bëur), 3.55ñ3.46 (m, 1H, H-4íur), 3.51 (dd, J
= 5.2, 2.6 Hz, 1H, H-4), 1.78 (s, 1H, OH), 1.36 (d, J
= 6.6 Hz, 3H, H-6). 13C-NMR (101 MHz, CDCl3, δ,
ppm): 163.83 (C=O), 151.09 (C=O), 140.52 (C-6ur),
138.24 (CIV arom), 128.64 (C-2), 128.42, 127.98,
127.80 (Carom, C-3), 101.82 (C-5ur), 94.54 (C-1),
90.63 (C-1íur), 83.42 (C_3íur), 75.29 (C-2ëur), 71.15
(CH2), 69.76 (C-4íur), 69.03 (C-4), 66.91 (C-5),
65.90 (C-5íur), 16.35 (6-CH3); LRMS (ESI): calcd.
for C22H26N2O8Na ([M + Na]+): m/z 469.4402,
found: m/z 469.6.

(3-Azidopropyl) 3-O-[4-O-benzyl-2,3,6-trideoxy-

αα-L-threo-hex-2-enopyranosyl]-4-O-benzyl-2,6-

dideoxy-L-lyxo-hexopyranoside (9) 

To the mixture of disaccharide 2 (100 mg,
0.237 mmol) and 3-azidopropane-1-ol (0.02 mL,
0.284 mmol) in dry CH2Cl2 (3 mL) molecular sieves
4� were added and the mixture was cooled to
ñ10OC. Then, a catalytic amount (8 mg, 0.024
mmol) of triphenylphosphine hydrobromide
(TPHB) in CH2Cl2 (1 mL) was added dropwise via
syringe. After 15 min, the mixture was allowed to
warm up to room temperature. The reaction was
monitored by TLC (hexane : AcOEt, 2 : 1, v/v) and
finally finished by addition of Et3N (0.05 mL).
Molecular sieves were filtered and solvent was
evaporated under reduced pressure. The residue was
purified by column chromatography ( hexane :
AcOEt, 10 : 1, v/v) to yield glycoside 9 (49 mg,

40%) as a colorless syrup; α : β 5 : 1; selected NMR
data for the major α-isomer: 1H-NMR (400 MHz,
CDCl3, δ, ppm): 7.42ñ7.23 (m, 10H, Harom), 6.14
(ddd, J = 10.1, 5.3, 0.8 Hz, 1H, H-3í), 6.09ñ5.93 (m,
2Hβ, H-2í, H-3í β-isomer), 5.91 (dd, J = 10.1, 3.1
Hz, 1H, H-2í), 5.20 (d, J = 3.0 Hz, 1H, H-1í), 5.16
(dd, J = 3.2, 1.5 Hz, 1H, H-1í β-isomer), 4.91 (d, J
= 3.2 Hz, 1H, H-1α), 4.85, 4.64 (qAB, J = 11.7 Hz,
1H), 4.65, 4.57 (qAB, J = 11.9 Hz, 1H), 4.22 (ddd,
J = 12.3, 4.8, 2.7 Hz, 1H, H-3), 4.17 (dq, J = 6.6, 2.7
Hz, 1H, H-5í), 3.81 (q, J = 6.6 Hz, 1H, H-5),
3.73ñ3.66 (m, 1H, CHHO), 3.56ñ3.50 (m, 2H, H-4,
H-4í), 3.42 (ddd, J = 7.8, 6.5, 5.1 Hz, 1H, CHHO),
3.37 (ddd~td, J = 6.7, 1.7 Hz, 2H, CH2N3), 2.20
(ddd~td, J = 12.4, 3.8 Hz, 1H, H-2eq), 1.88 (ddd, J =
12.7, 5.0, 1.1 Hz, 1H, H-2ax), 1.87ñ1.75 (m, 2H,
CH2), 1.35 (d, J = 6.7 Hz, 3H, 6ë-CH3), 1.18 (d, J =
6.5 Hz, 3H, 6-CH3). 13C-NMR (101 MHz, CDCl3, δ,
ppm): 138.70, 138.58 (2 CIV arom), 129.41 (C-2í),
128.31, 128.25, 128.18, 128.00, 127.67, 127.59,
127.53 (Carom, C-3í), 97.88 (C-1), 92.86 (C-1í), 75.74
(C-4), 74.62 (CH2Ph), 72.94 (CH2Ph), 70.78 (C-3),
69.33 (C-4í), 66.66 (C-5), 66.52 (C-5í), 63.82
(CH2O), 48.53 (CH2N3), 32.09 (C-2), 28.94 (CH2),
17.30 (6-CH3), 16.30 (6í-CH3).

(3-Aminopropyl) 3-O-[4-O-benzyl-2,3,6-trideoxy-

αα-L-threo-hexopyranosyl]-4-O-benzyl-2,6-

dideoxy-L-lyxo-hexopyranoside (10) 

A solution of 9 (49 mg, 0.095 mmol) in
methanol (4 mL) was hydrogenated in a Paar shaker
flask at 1.5 atm. over 10% Pd/C (10 mg) for 30 min.
After removal of the catalyst by filtration, the sol-
vent was evaporated under reduced pressure. The
crude product 10 was used in the next step without
further purification. 

Glycoconjugate 12

To the solution of 3-aminopropyl glycoside 10

(29 mg, 0.040 mmol) and the uridine derivative 11

(18 mg, 0.060 mmol) in dry THF (2 mL), 2-chloro-
4,6-dimethoxy-1,3,5-triazine (11 mg, 0.060 mmol)
was added. After 1 min, 4-methylmorpholine (0.009
mL, 0.080 mmol) was added and the reaction mix-
ture was stirred for 30 min at room temperature. The
reaction was monitored by TLC (CHCl3 : MeOH, 20
: 1, v/v). After completion, the reaction mixture was
concentrated under reduced pressure, remaining
solid was dissolved in CH2Cl2 (15 mL) and washed
with sat. aq. NaHCO3 (10 mL) and brine (10 mL).
The organic layer was dried over anhydrous MgSO4,
the adsorbent was filtered off and the filtrate was
concentrated to give a crude product. This was puri-
fied by column chromatography (CHCl3 : MeOH,
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100 : l, v/v) to give 12 as a colorless syrup in 83%
yield; α : β 4 : 1. Selected NMR data for the major
α-isomer: 1H-NMR (400 MHz, CDCl3, δ, ppm):
9.28 (s, 1Hβ, NHurβ), 9.20 (s, 1H, NHur), 7.43 (d, J
= 8.1 Hz, 1H, H-6ur), 7.40ñ7.19 (m, 10H, Harom), 6.81
(t, J = 5.4 Hz, 1H, CH2NH), 5.75ñ5.71 (m, 1Hβ, H-
5urβ), 5.68 (dd, J = 8.0, 2.0 Hz, 1H, H-5ur), 5.51 (s,
1H, H-1íur), 5.31 (dd, J = 6.3, 2.2 Hz, 1H, H-3íur),
5.23 (dd, J = 6.3, 2.6 Hz, 1Hβ, H-2íur β-isomer),
5.17 (dd, J = 6.3, 1.2 Hz, 1H, H-2íur), 5.13ñ5.09 (m,
1H, H-1í), 4.87, 4.64 (qAB, J = 11.6 Hz, 2H,
CH2Ph), 4.84 (d, J = 3.2 Hz, 1H, H-1), 4.68, 4.44
(qAB, J = 12.1 Hz, 2H, CH2Ph), 4.57 (d, J = 2.2 Hz,
1H, H-4íur), 4.11 (ddd, J = 12.2, 4.6, 2.5 Hz, 1H, H-
3), 4.02 (dq, J = 6.6, 1.3 Hz, 1H, H-5í), 3.78ñ3.71
(m, 1H, H-5), 3.68ñ3.58 (m, 1H, CHHO), 3.51 (br.
s, 1H, H-4), 3.45ñ3.33 (m, 2H, CHHO, CHHNH),
3.29 (br.s, 1H, H-4í), 3.27ñ3.16 (m, 1H, CHHNH),
2.20 (ddd~td, J = 12.5, 3.8 Hz, 1H, H-2eq),
2.15ñ1.64 (m, 5H, H-2ax, H-2í, H-3í, CH2), 1.53,
1.35 (2 ◊ s, 6H, C(CH3)2), 1.29 (d, J = 6.5 Hz, 3Hβ,
6í-CH3 β-isomer), 1.20 (d, J = 6.6 Hz, 3H, 6í-CH3),
1.15 (d, J = 6.5 Hz, 3H, 6-CH3), 1.07 (d, J = 6.5 Hz,
3Hβ, 6-CH3 β-isomer). 13C-NMR (101 MHz, CDCl3,
δ, ppm): 168.98 (CONH), 162.88 (C=O), 150.01
(C=O), 144.32 (C-6ur), 138.77, 138.54 (2 ◊ CIVPh),
128.70, 128.23, 128.16, 128.12, 128.10, 127.87,
127.75, 127.55, 127.51, 127.45, 127.35 (Carom),
113.62 (C(CH3)2), 102.51 (C-5ur), 98.28 (C-1íur),
97.85 (C-1), 96.65 (C-1í), 88.21(C-4íur), 83.68 (C-
3íur), 83.31 (C-2íur), 76.19 (C-4), 74.57 (C-3), 73.55
(CH2Ph), 73.48 (C-4í), 70.85 (CH2Ph), 66.98 (C-5),
66.80 (C-5í), 66.06 (CH2O), 37.66 (CH2NH), 31.76
(C-2), 28.72 (CH2), 26.71, 24.92 (2 ◊ C(CH3)2),

24.54, 21.24 (C-2í, C-3í), 17.34 (6-CH3), 17.18 (6í-
CH3); LRMS (ESI): calcd. for C41H53N3O12Na ([M +
Na]+): m/z 802.8622; found: m/z 802.8.

RESULTS AND DISCUSSION

This contribution focuses on a design of poten-
tial GT inhibitors, mainly based on modifications of
central building blocks of their natural donors. In
our research, we decided to use L-fucal as glycosyl
donor, which easily allows to obtain a number of
2,6-dideoxy-glycosides, by simple addition to 1,2-
unsaturated bond. Deoxysaccharides ubiquitously
occur in a number of structural fragments of natural
products having biological activity and often play a
key role in their mechanism of action. 

We recently developed a novel approach for
the synthesis of new doubly unsaturated disaccha-
rides (17). This approach utilizes in situ generation
of an active glycosyl donor via Ferrier-type
rearrangement under phase-transfer conditions and
subsequent reaction with a nucleophile. This con-
cept was put into practice employing 4-O-benzyl-L-
fucal 1 and afforded a disaccharide product contain-
ing 1,2- and 2,3-unsaturated hexoses 2 (Scheme 1).
This moiety can be easily functionalized to give var-
ious deoxy saccharide derivatives such as L-oliose
(2-deoxy-L-fucose) and L-rhodinose (2,3-dideoxy-
L-fucose). These deoxy sugar units can be found in
the structure of many biologically active natural
products such as anthracycline antibiotics, cardiac
glycosides, and aminoglycosides (18). 

One of the most convenient methods for
obtaining 2-deoxy-glycosides under mild conditions

Scheme 1. Reagents and conditions: i) pTsCl, toluene, sat. aq NaOH, Bu4NI, 40%
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is addition of a nucleophile to the 1,2-unsaturated
sugar bond in the presence of the triphenylphos-
phine hydrobromide (TPHB) (19). The addition of
the uridine derivative 3 to the disaccharide glycal 2
was carried out in anhydrous CH2Cl2 in an ice-bath
(Scheme 2, Table 1). The reaction gave a mixture of
three glycoconjugates 4, 5 and 6. It can be assumed
that products 5 and 6 are subsequent cleavage prod-
ucts of 2,3-unsaturated sugar unit from 4 and/or sub-
strate 2, and their reaction with another molecule of
uridine derivative 3. Probably the observed results
can be explained by the high reactivity of the glyco-
sidic bond of the disaccharide. The addition was car-
ried out under different temperature conditions
(Table 1). Evidently, with diminishing temperature
an increase of the stability of the disaccharide is
observed. However, with a substantial reduction of

temperature (to ñ20OC) the reaction rate was signif-
icantly reduced resulting in incomplete conversion
of the substrate. After deprotection of tert-butyl-
dimethylsilyl groups the final uridine glycoconju-
gates 7 and 8 were isolated. 

In order to obtain an amide bond with an uri-
dine unit it was decided to attach it to the sugar
using a three-carbon linker. Addition of 3-azido-
propanol to the unsaturated disaccharide 2 and fol-
low-up reduction led to obtain (3-aminopropyl) 3-O-
[4-O-benzyl-α-L-rhodinosyl]-4-O-benzyl-2-deoxy-
L-fucopyranoside 10. The last step was condensa-
tion of 10 with uridine acid derivative 11 in the pres-
ence of (4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium chloride (DMTMM) generat-
ed in situ (20, 21) This final glycoconjugate 12 was
obtained in excellent yield of 83%. 

Scheme 2. Reagents and conditions: i) TPHB, CH2Cl2; ii) Bu4NF, CH3CN

Scheme 3. Reagents and conditions: i) TPHB, CH2Cl2, r.t., 40%, α : β 5 : 1; ii) H2, Pd/C, methanol; iii) DMTMM, THF, r.t., 83%
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This novel approach provides ample opportu-
nities for facile syntheses to various glycoconjugates
as well as derivatives of natural biologically active
products containing labile, multi-functional natural
compounds as acceptors. All novel glycoconjugates
are presently subject of further studies to evaluate
their activity in enzymatic reactions of GTs.
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The quality of veterinary vaccines is monitored
by physicochemical, microbiological and biological
tests. Two of the most important physicochemical
parameters are viscosity and density, which are
determined in the three different types of matrices:
emulsions, suspensions and solvents.

Viscosity, known as internal friction or viscose
medium, is a feature of fluids and plastic solids char-
acterized by their internal resistance against flow-
ing. Viscosity is one of the most important property
of fluids (1). Newtonís law states that the force of
the impact (friction) between layers of flowing liq-
uid depends on their ratio, and the viscosity are

directly proportional to the difference in flowing
velocity of layers, and inversely proportional to the
distance between them. Shear rate (Fig. 1) is the
quotient of the velocity of liquid layers and the dis-
tance between them (2). According to the European
Pharmacopoeia (3), there are two types of viscosity:
dynamic and kinematic. The unit of dynamic vis-
cosity (which is described in this paper) is the pascal
◊ second (Pa∑s). The most commonly used submul-
tiple is the millipascal ◊ second (mPa∑s = cP).

According to the European Pharmacopoeia (4),
the relative density of a substance is the ratio of the
mass of a certain volume of a substance at tempera-
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vaccines symbols are in Table 1)
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ture t1 to the mass of an equal volume of water at
temperature t2. Unless otherwise indicated, the rela-
tive density is used. Relative density is also com-
monly presented as density ρ20, defined as the mass
of a unit volume of the substance at 20OC, expressed
in kilograms per cubic meter or grams per cubic cen-
timeter (1 kg/m3 = 10-3 g/cm3). 

Viscosity and density are two of the most
important parameters of vaccinesí adjuvants like
aluminium hydroxide or aluminium phosphate (5).
The gels of this adjuvants are commonly used as
adsorbents for antigens. All pre-formed gels are
controlled by using internal standard methods, for
example, determination of viscosity (6). Vaccine
adjuvants improve immune responses to numerous
antigens. Veterinary vaccines may contain a large
number of adjuvants. 

There are three types of emulsions used in vet-
erinary medicine today. The first one are water-in-
oil emulsions (W/O) that have a continuous oil
phase. High viscosity makes these products difficult
to inject. This emulsions induce a strong and long
term immune response. The second type are oil-in-
water emulsions (O/W). They have lower viscosity
and thus are easier to inject. This emulsions are well
tolerated and induce a short term immune response.
The third type are the double emulsions: water-in-
oil-in-water emulsions (W/O/W). These products
are characterized by low viscosity but are less stable
than the other two types. This multiphasic emulsions
can induce short or long term immune responses
depended on various antigens (7, 8). Burrel et al.
studied the effect of sterilization on adjuvants with-
out an antibody, which resulted in a decrease of the
pH and a reduction of viscosity (9).

Beebe et. al. also monitored viscosity level in
emulsion of vaccines. Measurements run at 0.1
intervals up to 3 months. A Brookfield RVDV-II
Digital Viscometer with cone CP40 and sample cup
CP-44Y equipped with a Neslab RTE-111
Refrigerated Bath Circulator were used to maintain
a temperature of 25OC. The initial viscosity was 231
cP and remained stable over time, with a minimal
decrease to 197 cP by 3 months and the results were
expressed in centipoise units (cP). Analyses were
carried out during the research on immunotherapy
(10). Other findings proved that the viscosity of oily
emulsions can reduce bacterial retention and filter
capacity (11).

Yeu-Chun Kim et. al. reported that vaccine sta-
bility, as measured by an in vitro hemagglutination
assay, was increased by decreased concentration of
viscosity-enhancing compounds. They found that
the influenza VLP vaccine could be coated onto

microneedles and rapidly released into the skin or
into solution. They also found that the inclusion of
carboxymethylcellulose (CMC) used to increase
viscosity of microneedles coating solution
decreased vaccine activity (12).

In medicine, viscosity is an important parame-
ter in the case of blood tests. Rajzer et al. described
abnormal blood viscosity, accompanied by hyper-
tension, atherosclerosis and stroke (2). There are
scarce data found in the available literature devoted
to stability of the veterinary vaccines in respect to
methodological issues.

The aim of this study was to validate the
method for determination of the viscosity and densi-
ty of different types of veterinary vaccines.

MATERIALS AND METHODS

The linearity, repeatability, precision and
uncertainty were comprised. Linearity was made at
four levels of viscosity (within range 3.902ñ1110
mPa∑s) and density (within range 0.81213ñ0.84262
g/cm3) using Anton Paar company standards ñ SH L
122, M 116, H 120, C 120. Standards were used to
check the instrument before each the day measure-
ments. Six determinations of viscosity and density
for each of six different vaccines were performed.
All tested vaccines were of viral origin, except for
the vaccine no. V, which was of bacterial origin.

Measurements of the viscosity and density
were carried out by means of a rotational viscometer
SVM 3000 with a density measurement, from Anton
Paar (USA) with a fixed shear rate at 20OC. Rotating
viscometers with simultaneous density measure-
ment were used for measuring the viscosity of
Newtonian (shear-independent viscosity, e.g., emul-
sions and solvents) or non-Newtonian liquids (shear
dependent viscosity or apparent viscosity, e.g., sus-
pensions) (13). The measurements were performed
under the following conditions: ambient tempera-
ture of 18 to 25OC and relative humidity of 20 to
80% at the laboratory environment. The minimum
quantity of sample dispensed into the measuring cell
was optimized (2 mL).

The viscosity was measured in rotational vis-
cometer with a cylinder geometry. It is based on a
modified Couette principle with a rapidly rotating
outer tube and an inner measuring bob which rotates
more slowly. Rotational viscosity measurement is
based on a torque and speed measurement. A rotat-
ing magnet in SVM 3000 produces an eddy current
field with an exact speed dependent brake torque.
The eddy current torque is measured with extremely
high resolution. Combined with the integrated ther-
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moelectric thermostating, this ensures unparalleled
precision. The torque resolution is an unmatched 50
pico-Nm. Thatís why it only requires a very com-
pact measuring cell. The very small measuring cell
contains a tube which rotates at a constant speed.
This tube is filled with the sample. A measuring
rotor with a built-in magnet is floating in the sample.
The low density of the rotor allows it to be centered
by the centrifugal force. The freely swimming rotor
requires no bearing ñ as it is not followed by a fric-
tion. This also makes the instrument insensitive to
vibration. The small sample volume allows extreme-
ly quick temperature changes (Peltier) and very
short equilibrium times. Shortly after the start of the
measurement, the rotor reaches a stable speed. This
is determined by the equilibrium between the effect
of the eddy current brake and the shear forces at
work in the sample. The dynamic viscosity is calcu-
lated from the rotor speed.

In order to calculate the kinematic viscosity
from the dynamic viscosity, the density of the sam-
ple must be known. For this reason, SVM 3000 also
has a density measuring cell that employs the well-
known oscillating U-tube principle. Both cells are
filled in one cycle. The measurements are carried
out simultaneously (14).

All vaccines materials used in this studies are
presented in Table 1. Before tests, the samples were
stored at 2 to 8OC. Tests were performed on six vac-
cines: (I) the vaccine against egg drop syndrome
EDSí76, inactivated; (II) vaccine against feline
rhinotracheitis birds, inactivated; (III) the vaccine
against birdsí reovirus infections, inactivated; (IV)
rabies vaccine, calcivirose, viral rhinotracheitis and
feline panleucopenia; (V) the vaccine against fungal
infection of the skin of cattle, inactivated; (VI) the

vaccine against myxomatosis and rabbit hemorrhag-
ic disease of rabbits.

RESULTS AND DISCUSSION

Optimization of viscosity and density determi-
nation let to obtain very reproducible results. The
maximum scatter of results (CV) for the viscosity
was 3.87%, while the density was 0.261%. These
results of measurements were for the suspension. It
was the only bacterial vaccine in this study. For
other types of vaccines, scattering measurements of
viscosity did not exceed 1.7% and for a density did
not exceed 0.09%. Based on the validation and sub-
sequent monitoring studies, it was observed that the
viscometer with a density measurement did not
allow to obtain reliable results of viscosity and den-
sity determination of the suspensions (non-
Newtonian liquids). The reason for this situation
was the inability to change the settings of shear rate. 
Parameters of repeatability and precision of the vis-
cosity and density determination are presented in
Tables 2 and 3. The uncertainty of the viscosity were
determined at 3.26% and density at 0.25% level.
The method of dynamic viscosity was linear with r2

= 1.000000. The method of relative density was lin-
ear with r2 = 0.999995. 

The main challenge in this research was to
eliminate contamination of measuring apparatus
after each analysis. Vaccines are an extremely
diverse group of matrices. Each vaccine is an indi-
vidual composition so that it was necessary to select
of appropriate organic solvents for cleaning the
instrument. Isopropanol, acetone and hexane were
the most effective solvents. A sign of an effective
apparatus purification were density less than 0.001

Table 1. Form of vaccines used in analysis.

Symbol Form of vaccine The commonly used name

I emulsion for injection for the vaccine against egg drop syndrome EDSí76, 
chickens inactivated

II emulsion for injection for vaccine against feline rhinotracheitis birds, inactivated
chickens 

III emulsion for injection for the vaccine against birdsí reovirus infections, inactivated
chickens 

IV lyophilizate and solvent for rabies vaccine, calcivirose, viral rhinotracheitis and 
emulsion for injection for cats feline panleukopenia

V suspension for injection the vaccine against fungal infection of the skin of cattle, 
inactivated

VI lyophilized, and suspension for the vaccine against myxomatosis and rabbit haemorrhagic 
injection disease of rabbits
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g/cm3 in dried measuring cell. Analysis of the litera-
ture data presented maximum values for the viscos-
ity and density of veterinary vaccines ñ maximum
450 mPa∑s and maximum of 1.05 g/cm3. 

Viscosity and density are two of the most
important quality parameters of liquid vaccines that
determine their stability. These parameters are offi-

cially controlled in Poland during the market moni-
toring research. The above-described method was
set up, validated and used in this monitoring in years
2011ñ2013 and till now. Test specimens were ran-
domly sampled from the market by inspection offi-
cers of pharmacovigilance from various pharmaceu-
tical wholesalers across the country. Bioproducts

Table 2. Analytical and validation parameters of dynamic viscosity determination. Results of analysis for six different vaccines (explana-
tion of vaccines symbols are in Table 1).

VALIDATION FEATURE 
VALIDATION RESULTS OF

DYNAMIC VISCOSITY

y = ax + b
y = 0.9980x ñ 0.4055 

x ñ the level of plasma concentrations of analyte

LINEARITY r2 1.000000

RANGE 
[mPa∑s] 

3.902 ñ 1110

VETERINARY VACCINES I II III IV V VI  

xñ 101.143 89.671 99.610 4.330 1.412 1.193

REPEATABILITY s  0.728 0.774 0.969 0.070 0.055 0.013

CV  0.720 0.863 0.972 1.611 3.870 1.130

xñ 89.671 89.717 90.133 - - - 

PRECISION S  0.774 0.205 0.400 - - - 

CV  0.863 0.228 0.444 - - - 

uc(y)  1 1.63 %

UNCERTAINTY k 2

U 3.26 %

Table 3. Analytical and validation parameters of relative density determination. Results of analysis for six different vaccines (explanation
of vaccines symbols are in Table 1).

VALIDATION FEATURE
VALIDATION RESULTS OF

RELATIVE DENSITY

y = ax + b
y = 0.9765x + 0.0193 

x ñ the level of plasma concentrations of analyte

LINEARITY r2 0.999995

RANGE 
[mPa∑s] 

0.81213 ñ 0.84262

VETERINARY VACCINES I II III IV V VI  

xñ 0.918 0.916 0.914 0.964 1.006 1.007

REPEATABILITY s  0.001 0.001 0.001 0.001 0.003 0.001

CV  0.085 0.070 0.086 0.074 0.261 0.077

xñ 0.916 0.917 0.917 - - - 

PRECISION S  0.001 0.001 0.001 - - - 

CV  0.070 0.075 0.063 - - - 

uc(y)  1 0.125 %

UNCERTAINTY k 2

U 0.25 %
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were intended to different animal species vaccina-
tion ñ poultry, cats, cattle and rabbits. Twenty seven
vaccines were analyzed for density and six vaccines
were analyzed for viscosity according to official EU
actual guidelines.

Further investigation will be viscometry with a
density measurement to explore dependence of vis-
cosity and density on temperature.
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According to National Cancer Registry, breast
cancer is one of the most common cancer among
women in Poland, accounting for 23% of all new
cases of cancer in females and it is the leading cause
of cancer death in women (1). The highest incidence
rates occur in females in 25ñ50 age group. Its etiolo-
gy is very complex and the molecular mechanisms
involved are still poorly understood. Around 5ñ10%
of cases is linked to familial (hereditary) breast can-
cer (2). Most inherited cases of breast cancer are
associated with abnormal genes: BRCA1, BRCA2,
TP53, CHEK (3, 4). The deregulation of expression
of proteins from BCL-2 family which control apop-
tosis process is also very common during tumorigen-
esis (5). The heterogeneity in breast cancer includes

a diversity between clinical parameters such as tumor
size, lymph node involvement, histological grade,
biomarkers like estrogen receptor (ER), progesterone
receptor (PGR) and epidermal growth factor receptor
2 (HER2) routinely used in the diagnosis and treat-
ment of patients (6). The standard treatment used in
breast cancer is surgery. Anyway, the chemotherapy
and hormonotherapy is often a necessary step
because of the spread of a tumor from one organ to
another non-adjacent organ. Thus, the scientists are
still looking for the new efficient therapeutic meth-
ods of treatment which allow to kill cancer cells and
avoid metastasis. 

Phytoestrogens are currently in the center of
attention because of their therapeutic and preventive
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proprieties. Genistein (Fig. 1) is a naturally occurring
plant compound from the group of phytoestrogens
which possess many therapeutic activities, such as
antioxidant and anticancer properties. It is well known
that genistein is capable of inducing the programmed
cell death, inhibiting the proliferation, stimulating of
differentiation and reducing metastasis (7). Its mecha-
nisms of action include inhibition of topoisomerase I
and II, DNA polymerase II and downexpression of
genes encoding cyclins: B1 and D1, as well as CDK-
1 and Wee-1. Furthermore, it suppress expression of
anti-apoptotic genes: BCL-2, BCL-XL, IAP, XIAP, sur-
vivin (8, 9). What is more, genistein upmodulates P53,
P21WAF1, P27KIPI, P16INK4a in many cancer cells (9, 10). It
acts also as a non-specific inhibitor of tyrosine kinas-
es which are the factors involved in many signaling
pathways controlling cell proliferation and survival
(11). It was confirmed that it is able to promote differ-
entiation in cancer stem-like cells (12). The similarity
in chemical structure to natural 17β-estradiol leads to
the high affinity to hormone-binding proteins and to
both isoforms of estrogen receptors (ERα and ERβ)
(13). It was demonstrated that at physiological con-
centration (around 10-9 M), genistein acts as an agonist
of estrogens but it causes biological effects through
both: ER- and non-ER-mediated pathways, which
contributes to decreasing the estrogens level in blood
via inhibition of aromatase activity which is responsi-
ble of converting androgens to females hormones
(13). The ability of inducing angiogenesis by cancer
cells seems essential in the metastatic spread of can-
cer. New growth in the vascular network provides

oxygen and nutrients to the tumor tissues and allows
malignant cells to disseminate to other parts of the
body where they form secondary tumor. The experi-
ments with xenograft tumors have demonstrated that
genistein supress angiogenesis though regulation of
genes encoding VEGF, PTK, MAPK and decreases
proteolysis of cancer-associated tissue (14). This
mechanism is linked to activity of matrix metallopro-
teinases and their tissues inhibitors. 

Matrix metalloproteinases (MMPs) and their
tissues inhibitors (TIMPs) are synthesized, by many
cells ñ the normal and the cancer ones. The mutual
interactions between neoplastic cells and their stro-
ma are a well known phenomenon which leads to
promote tumor development and progression. 

It is well known that the transcritptional activ-
ity of genes encoding MMP-1 is correlated with
molecular subtype of breast cancer cell. Thus,
MMP-1 is overexpressed in cancer associated stro-
mal cells in Luminal B but not in Luminal A or ER-
breast cancer, while the synthesis of MMP-1 in
tumor cells seems to be independent from their
immunophenotypic characterization (15). It was
demonstrated that the level of mRNA MMP-1 in
tumor cells had an independent prognostic value as
a marker of disease outcome (16). Metalloprotein-
ases -2 and -9, which belong to gelatinases family,
share similar proteolytic activity against denatured
collagens, gelatins and various extracellular matrix
molecules and their overexpression is associated
with acquisition of invasive potential by cancer cells
(17). Metalloproteinase 3 is a member of the
stromelysin subfamily which have a large repertoire
of ECM and non-matrix substrates (18). MMP-3 is
expressed in many types of cells including kera-
tinocytes, fibroblasts and chondrocytes. Thus, it
contributes to remodeling microenvironement and it
could be a key player in breast cancer progression
(19). Futhermore, MMP-3 is able to activate many
factors involved in cell growth and proliferation like
TGF-b, HB-EGF, IGFBP-3, TNF-a and IL-1b (20).

The regulation of metalloproteinases is com-
plex and occurs at many levels (expression, activa-Figure 1. Chemical structure of genistein

Figure 2. Experiment scheme
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tion, inhibition of proteolytic activity). One of many
factors involved in regulation of their expression is
glycoprotein EMMPRIN (extracellular matrix metal-
loproteinase inducer) that is enriched on the surface
of tumor cells. EMMPRIM stimulates production of
several matrix metalloproteinases, mostly MMP-1,
MMP-2 and MMP-3 by adjacent stromal cells (21). 

Tissue inhibitors of metalloproteinases
(TIMPs) are endogenous protein regulators of the
matrix metalloproteinases. Four members of TIMPs
family have been characterized so far, designated as
TIMP-1, TIMP-2, TIMP-3 and TIMP-4. All of them
are capable of inhibiting the activities of all known
metalloproteinases but with different substrate
specificity. They bind to the zinc catalytic site of
MMPs, thus they inhibit their proteolytic activity.
On the other hand, they can also bind to zymogen
forms of MMPs and activate them. Recently, it was
demonstrated that TIMPs are involved in regulation
of cell fate by MMP-independent mechanism. Their
role in induction or prevention of apoptosis was con-
firmed by many in vitro and in vivo studies (22).

The aim of this study was to examine the
impact of genistein on genes involved in MMPs and
TIMPs synthesis in breast cancer cells and normal
fibroblasts stimulated by medium derived from T-
47D cultures.

EXPERIMENTAL

Cell culture

T-47D (human breast cancer cells) and HFF-1
(normal newborn human foreskin fibroblasts) were
purchased from the American Type Culture
Collection (ATCC). T-47D is slightly invasive hor-
mone-dependent breast cancer cell line, subtype
Luminal A, that responds to hormonotherapy. The
low level of the Ki-67 antigen implies their low pro-
liferation index. This line express also progesterone
receptor (PR+), calcitonin, androgen receptor
(AR+), prolactin and normal levels of HER2 (HER2
0/1+). 

T-47D and HFF-1 cells were cultured in
Nunc 75 cm flasks. As a cell culture medium,
DMEM (LONZA, Switzerland) with glutamine,
containing 10% heat inactivated FBS (Biological
Industries, Israel), penicillin (10000 u/mL) and
streptomycin (10 mg/mL) (Biological Industries,
Israel) was used. T-47D cells were incubated 24 h,
then they were treated with genistein at a concen-
tration of 50 µM (Sigma-Aldrich, USA) for 24 h.
In parallel, HFF-1 culture was performed, to
which DMEM derived from T-47D cells were
added for 24 h (Fig. 2).

RT-QPCR
After the incubation, the cells were proceeded

to RNA isolation and purification using
Quick-RNATM MiniPrep Zymo-Spinô columns
(Zymo Research Corporation, USA). The concentra-
tion and quality of isolated RNA was determined by
measuring the absorbance at 230, 260, 280 and 320
nm in a spectrophotometer HP8452A (Hewlett
Packard, USA). Quantitation of the genes encoding
MMP-1, -2, -3 -9, -13, -14, -15 and tissue inhibitors
of metalloproteinases: TIMP-1, -2, -3 was done
using RT-QPCR (DNA Engine OPTICONTM (MJ
Research, USA)) with kit QuantTectÆ SYBRÆ Green
RT-PCR (Qiagen GmbH, Germany).

Statistical analysis

Statistica PL 9.0 software was used to carry out
statistical analysis. The amounts of mRNA copies of
genes of interest were presented as a mean value of
3 samples. To compare the results, Studentís t-test
for unpaired samples was used. The equality of vari-
ances were verified by the F-test (Fisherís test),
whereas the normal distribution was confirmed by
Shapiro-Wilk test. 

RESULTS

The results of analysis of genes in T-47D and
HFF-1 cells after 24 h of treatment with genistein at
concentration of 50 µM are illustrated in Figures 3
and 4. The mRNA copy numbers of MMP-1, MMP-
2, MMP-3, MMP-9, MMP-13, MMP-14, MMP-15,
TIMP-1, TIMP-2, TIMP-3 were compared between:
A) T-47D control cells and T-47D treated by genis-
tein; B) HFF-1 control cells (24 h in medium
derived from T-47D control cells) and HFF-1 in
medium from T-47D treated by genistein. Statistical
significance is indicated with star (p ≤ 0.05). In T-
47D culture, the presence of genistein downregulat-
ed expression of genes encoding: MMP-2, MMP-3,
MMP-13, MMP-15, TIMP-1, TIMP-2, TIMP-3, but
the statistical significance was observed only for
MMP-2 and TIMP-1, TIMP-2, TIMP-3. The similar
effects were observed in HFF-1 cells but, in this
case, the significant differences were obtained for
genes encoding MMP-1, MMP-3, MMP-13, MMP-
14 and MMP-15.

DISCUSSION and CONCLUSION

One of the most important properties of cancer
cells is their ability to spread from their original site.
During this process, cells need to cross many barri-
ers formed by ECM. First, they must break away
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Figure 3. The influence of genistein on expression of genes encoding MMPs in breast cancer cells T-47D and in fibroblasts HFF-1 incu-
bated with culture medium derived from T-47D treated by genistein 
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from its stroma, then navigate through the basal
lamina of mesenchymal cells and invade either the
circulatory or lymph system (intravasation), migrate
through the vesselís walls to the new location
(extravasation) and establish secondary tumors,
capable of proliferation. Matrix metalloproteinases
contribute in metastasis via their proteolytic activity
which is responsible for degradation of ECM pro-
teins such as fibronectin, vitronectin, laminin, colla-

gen fibrils, entacin, tenascin, aggrecan. Thus, they
participate in cleavage and remodeling of basal lam-
ina and ECM components (17).

To determinate the ability of genistein to sup-
press metastasis process, its influence on expression
of genes encoding MMPs (MMP-1, MMP-2, MMP-
3, MMP-9, MMP-13, MMP-14, MMP-15) and
TIMPs (TIMP-1, TIMP-2, TIMP-3) in breast cancer
ductal carcinoma and in cancer-associated fibro-

Figure 3. cont.
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blasts (normal fibroblasts exposed to factors excret-
ed by cancer cells treated by genistein (50 µM for 24
h) to their culture medium) was investigated. 

In this study, was used T-47D breast cancer
cell line, which derived from metastatic site, thus the
metalloproteinases level was increased regarding to
the early stages of cancer. Anyway, the low level of
antigen Ki-67 implicates the low invasive potential
of these cells. 

After 24 h of incubation with genistein, a non-
statistically significant increase of MMP-1 expres-
sion in cancer cells was observed, whereas the
expression of MMP-1 in HFF-1 was downregulated
when they were treated by genistein. The expression
of MMP-1 has a prognostic value in breast cancer
and in vitro studies showed that a high MMP-1
mRNA level is associated with poor prognosis and
development of metastasis (15). The ability of

Figure 4. The influence of genistein on expression of genes encoding TIMPs in breast cancer cells T-47D and in fibroblasts HFF-1 incu-
bated with culture medium derived from T-47D treated by genistein
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genistein to down express MMP-1 in stromal cells
could be used in treatment of advanced disease to
avoid metastases, especially to bone tissues (23). 

Many previous studies indicated MMP-9 as a
main target of genistein (16). Results of this study
revealed a significant difference in the amount of
mRNA MMP-2 copies in cancer cells exposed to
genistein but the expression of both genes in control
cells was relatively low regarding other metallopro-
teinases. 

Metalloproteinase 3 (MMP-3) contributes to
remodeling microenvironment and it could be a key
player in breast cancer progression (19). In the pre-
sent work, it was demonstrated that genistein can
decrease MMP-3 expression in both: T-47D and
HFF-1 cells but the statistically significant result
was observed only in fibroblasts.

MMP-13, also known as collagenase-3, has
large substrate specificity, including type II of colla-
gen and gelatin (24). The exposure to genistein was
responsible for downregulation of MMP-13 tran-
scription in both cells type. 

MMP-14 (MT1-MMP) and MMP-15 (MT2-
MMP) are classified as membrane-type matrix me-
talloproteinases. They are involved in the regulation
of cell-ECM interaction and the activation of the
pro-MMPs by their cleavage (18). They initiate the
activation of pro-MMP-2 and pro-MMP-13. The
overexpression of MT-MMPs (especially MT1-
MMP) is observed in many types of cancer cells as
well as stromal cells. Results of this study indicated,
that genistein induces the expression of MMP-14
and MMP-15 in fibroblasts cultured with medium
derived from T-47D with genistein. 

In this study, the expression of genes encoding
extracellular tissue inhibitors of metalloproteinases
(TIMP-1, TIMP-2, TIMP-3) was also investigated.
Genistein downregulated expression of all three
members of TIMPs family analyzed in this work:
TIMP-1, TIMP-2 and TIMP-3 in T-47D cells.
According to an analysis of previous studies,
TIMP-1 has been clearly demonstrated to exert a
protective effect on breast cancer cells against
apoptosis. Hence, overexpression of TIMP-1 is cor-
related with poor prognosis in patients (25). What is
more, TIMP-1 is responsible of activation of pro-
MMP-9 to its active form, which promote angio-
genesis and progression of disease (25ñ27). The
mechanisms by which TIMP-1 inhibit programmed
cell death are still poorly understood but its effect
can be mediated by phosphorylation (activation) of
Akt kinase and an increase of expression of anti-
apoptotic proteins such as BCL-XL and BCL-2 (27).
The decrease of TIMP-1 expression caused by

genistein is consistent with hypothesis that genis-
tein exert its anticancer functions via intrinsic path-
way of apoptosis and suppress angiogenesis medi-
ated by MMP-9. Futhermore, its role as inhibitor of
Akt activation (28) leads to decrease in tumor cell
proliferation induced by TIMP-1. In fibroblasts
exposed to medium derived from T-47D treated by
genistein, it was observed the downregulation of
expression of TIMP-1 but upregulation of TIMP-2
and TIMP-3 (no statistically significant differ-
ences). TIMP-2 was confirmed to restrain metasta-
sis though inhibition of MMPs activity, but on the
other side, TIMP-2 has confirmed anti-apoptotic
activity (29). TIMP-3 also participate in signaling
pathways controlling programmed cell death, but
unlike TIMP-1 and TIMP-2, it induces apoptosis in
tumor cells. It acts via stabilization of TNFR1 on
the cell surface that is involved in TNF-α-mediated
apoptosis (26). In many breast cancer cases, the
genes encoding TIMP-3 acquire abnormal hyper-
methylation, which results in transcriptional silenc-
ing of this factor (30). 

In the present work, it was demonstrated that
genistein has the influence on the expression of
MMP-1, -3, -13, -14 -15 and TIMP-1 in T47D and
in HFF-1 cells in the way that implies its capacity to
inhibit the process of angiogenesis and metastasis.
Though this effect in vitro is not unequivocal, it can
be helpful in clinical practice to decrease the risk of
angiogenesis and increase survival of patients with
breast cancer. Thus, it seems extremely important to
continue the research on genistein to fully under-
stand all mechanisms of action by which it exerts its
anticancer effects. 
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The family of cytochrome CYP450 enzymes
consists of more than 30 enzymes which are the
major mediators of phase I metabolism of drugs and
endogenous compounds. Genetic polymorphism of
CYP450 enzymes can lead to adverse drug reaction
or inadequate response to commonly prescribed
doses of the therapeutic agents (1). CYP2C9 repre-
sents the most abundant form among human CYP2C
isoforms and comprises approximately 20% of the
total hepatic CYP450 content. It participates in the
metabolism of number of drugs including non-
steroidal anti-inflammatory agents, S-warfarin,
phenytoin, tolbutamide and losartan (2).
Polymorphism in the CYP2C9 gene seriously
affects the toxicity of drugs, with S-warfarin in par-
ticular, and may lead to severe and life-threatening
bleeding episode (3). Three variants of the CYP2C9
allele denominated as CYP2C9*1, CYP2C9*2 and
CYP2C9*3 have been found in Caucasian popula-
tion,. The mutant alleles CYP2C9*2 and CYP2C9*3
differ from the wild-type CYP2C9*1 by a point
mutation, i.e., CYP2C9*2 is characterized by a
C416T exchange in the exon 3 resulting in
Arg144Cys substitution, whereas CYP2C9*3 has an
exchange of A1061C in exon 7 causing Ile359Leu
substitution. Both allelic variants are associated with
reduced catalytic activity compared to the wild type;
they are reported to show approximately 12%
(CYP2C9*2) and less than 5% (CYP2C9*3) of the
wild-type enzyme activity (4, 5). 

Long QT syndrome is a rare inherited disorder
of ion channels that may cause dangerous heart
rhythms in response to exercise or stress. Inherited
long QT syndrome affects about 1 among 7000 peo-

ple. To date, mutations in 11 genes have been dis-
covered and described as being relevant for this dis-
ease. The LQT1 type is caused by mutation in the
KCNQ1 gene and is found in approximately
50ñ60% of cases. The LQT2 type can be caused by
mutations in HERG gene and it is found in 30ñ35%
of clinical cases (6, 7). The treatment of long QT
syndrome is intended to prevent abnormal heart-
beats, decrease hypertension and improve lipid pro-
file and function of platelets. The treatment options
include antiarrhythmic and antihypertensive agents
(i.e., losartan), cholesterol lowering drugs, supple-
mentation of potassium and anticoagulants (i.e., S-
warfarin) (8). 

The metabolism of the anticoagulant drug S-
warfarin was found to be markedly lowered in
patients having mutant CYP2C9 alleles. Moreover,
a strong association was demonstrated between
CYP2C9 variant alleles and low S-warfarin dose
requirement, as well as a higher risk of bleeding
complications, so it was suggested that dose adjust-
ment of S-warfarin in patients carrying 2C9 allelic
variants might be worthwhile in order to lower the
risk of drug intoxication and bleeding (9). CYP2C9
genotype contributes to inter-individual differences
in losartan activation and its hypotensive effect (10).
Evaluation of losartan in the elderly showed that
losartan reduced the QT dispersion in elderly
patients with heart failure, so it may reduce mortali-
ty of long QT patients (11). Polymorphism of
CYP2C9 has strong influence on long QT patients
drug therapy and its allelic variants may cause
severe adverse reaction. The purpose of the present
study was to investigate the prevalence of the
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CYP2C9*2 and CYP2C9*3 allelic variants in the
group of 104 patients with long QT and discuss their
clinical implication in the modern pharmacotherapy
of long QT syndrome. 

EXPERIMENTAL

Clinical study

A group of 104 patients sufferngi from long
QT syndrome (58 males and 46 females, mean age
49 ± 12 years) were recruited for genotyping study
after approval by the local ethics committee. The
diagnosis of syndrome was based on clinical exam-
ination of patients, which was performed according
to guidelines issued by Polish Cardiology Society.
All patients had QTc interval > 440 ms for men and
450 ms for women. The exclusion criteria were QTc
at baseline and history of additional risk factor
(hypokalemia, heart failure, left ventricular hyper-
trophy).

ASA-PCR genotyping

Genomic DNA was extracted from the 5 mL
whole blood samples with the use of Genomic Prep
Plus method (A&A Biotechnology, Gdynia,
Poland). Allele-specific amplification (ASA-PCR)
was developed for genotyping CYP2C9*2 and
CYP2C9*3 alleles. Each reaction mix included an
external pair of primers (named forward and
reverse) and two allele-specific primers, carrying
either the wild type nucleotide or the mutant
nucleotide in the 3í position. PCR would amplify
the region between the wild type primer and the
reverse external primer only if the wild type allele
was present. Inversely, amplification of the region
between the internal mutation specific primer and
the forward external primer would occur only if the
mutant allele was present. Wild type and mutant

amplicons can be distinguished by a fragment size.
A third fragment, which represents the region
between the two external primers, was also generat-
ed and served as an internal control. The following
reaction mixture was prepared for tetra-primer PCR
assay to genotype CYP2C9*2: 100 ng of genomic
DNA, 0.5 U of Taq DNA polymerase (Novazym,
PoznaÒ, Poland), a final concentration 1 ◊ PCR
buffer, 1.5 mM of MgCl2, 100 µM of each dNTP,
and primers as follows: CYP2C9E3-F (0.24 µM),
CYP2C9E3-R (0.16 µM), CYP2C9E3-T-F (0.16
µM), CYP2C9E3-C-R (0.24 µM) (Genomed,
Warszawa, Poland). The mixture volume was
adjusted to 25 µL with water. Primer sequences are
listed in Table 1. The following thermal conditions
were used: 95OC for 2 min for initial denaturation,
and then 10 cycles at 95OC for 20 s, 66OC for 45 s
and 72OC for 45 s, 20 cycles at 95OC for 20 s, 63OC
for 45 s and 72OC for 45 s, and a final extension at
72OC for 5 min. In order to genotype the CYP2C9*3
polymorphism four primers were combined in one
tetra-primer PCR assay. These were: CYP2C9E7-F
(0.2 µM), CYP2C9E7-R (0.2 µM), CYP2C9E7A-F
(0.2 µM) and CYP2C9E7C-R (0.2 µM) (Genomed,
Warszawa, Poland. The other reaction mixture
ingredients were identical to the ones applied for
CYP2C9*2. The following thermal conditions were
used: 95OC for 2 min for initial denaturation, 10
cycles at 95OC for 20 s, 59OC for 45 s and 72OC for
45 s, 20 cycles at 95OC for 20 s, 57OC for 45 s and
72OC for 45 s, and a final extension at 72OC for 5
min (12, 13). Primer sequences are listed in Table 1.
The PCR products were separated by polyacryl-
amide gel electrophoresis and visualized by silver
staining. The length of the ASA-PCR products were
established based on the comparison with marker
DNA with the use of BAS SYS 1D program (Biotec
Fisher, Perth, Australia). 

Table 1. Primers used for ASA-PCR. 

Target Primer Sequence 5í→ 3í

CYP2C9E3-F AATAGTAACTTCGTTTGCTGTTATCTC

CYP2C9E3-R CAGTAGAGAAGATAGTAGTCCAGTAAGGT
CYP2C9*2

CYP2C9E3T-F GGAAGAGGAGCATTGAGGACT

CYP2C9E3C-R GGGCTTCCTCTTGAACACG

CYP2C9E7-F GCCATTTTTCTCCTTTTCCAT

CYP2C9E7-R GGAGAACACACACTGCCAGA
CYP2C9*3

CYP2C9E7A-F GCACGAGGTCCAGAGATACA

CYP2C9E7C-R TGGTGGGGAGAAGGTCAAG
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All data were analyzed using the Statistica ver-
sion 10 software. Differences in the distribution of
all analyzed CYP genotypes were performed with χ2

test. Differences were considered statistically signif-
icant at p value ≤ 0.05. 

RESULTS

Amplification of CYP2C9*2 with the use of
the external forward and external reverse primers
yielded a 581 bp PCR product, amplification with
CYP2C9E3T-F and external reverse primers indi-
cating the presence of a T allele yielded a 127 bp
product, amplification with CYP2C9E3C-R and
external forward primers, indicating the presence of
a C allele, yielded a 493 bp product. Amplification
of CYP2C9*3 with the use of external forward and
external reverse primers yielded a 434 bp product,
amplification with CYP2C9E7A-F and external
reverse primers, presenting the A allele, yielded a
295 bp product, amplification with CY2C9E7C-R
and external forward primers presenting the C allele,
yielded a 177 bp product. 

Genotyping of CYP2C9*2 revealed that 2 per-
sons were homozygous for the defective
CYP2C19*2 allele, heterozygosity for CYP2C19*2
was found in 17 individuals. For the CYP2C9*3
polymorphism, 10 of 104 individuals carried the
CYP2C9*3 allele (one of them was homozygous, 9
showing heterozygosity). 

The allelic frequencies and final genotype dis-
tribution in investigated group of patients are shown
in Table 2. Statistical analysis did not reveal any sig-
nificant statistical differences between observed in
European population and predicted genotype fre-
quencies, however, the study group is too small to
evaluate the frequency of CYP2C9 *2 and * 3 alle-
les in the Polish population. In statistical analysis,
the British frequency of CYP2C9*2 and *3 alleles
was used (14). 

DISCUSSION AND CONCLUSION 

CYP2C9 exhibits a genetic polymorphism and
to date more than 35 allelic variants have been
described. The two most common allelic variants
are CYP2C9*2 and CYP2C9*3 which occur in
approximately 85% of poor metabolizers and their
frequencies are reported to range 10% to 14% and 6
to 7%, respectively, for Caucasian population, but
are relatively rare in Asian and African populations
(15). Both of these polymorphisms lead to reduced
activity of CYP2C9 which can influence on the
therapy with S-warfarin and losartan, the drugs
commonly prescribed for long QT patients. 

Warfarin is a natural product and given as
racemic mixture of the R and S stereoisomers of the
drug. S-warfarin is 3ñ5 times more potent an
inhibitor of the vitamin K epoxide reductase com-
plex, the target of action, than R-warfarin. The
stereoisomers are metabolized by different phase 1
enzymes; the predominant metabolism of the S iso-
mer is via CYP2C9 whereas metabolism of R-war-
farin is mainly via CYP3A4 with involvement of
CYP1A1, CYP1A2, CYP2C8, CYP2C9, CYP2C18
and CYP2C19 (16). Both CYP2C9*2 and CYP2C*3
cause a reduction in S-warfarin clearance with 10-
fold variation observed from the genotype with the
highest (CYP2C9*1/*1) to the one with the lowest
(CYP2C9*3/*3) activity (*1/*1 > *1/*2 >*1/*3 >
*2/*2 > *2/*3 > *3/*3). The effect of CYP2C9*3/*3
genotype is the most severe one with clearance of S-
warfarin being 10% of the wild type genotype (17).
According to the clinical studies, individuals with
CYP2C9*1/*2 and *1/*3 genotypes require
10ñ20% and 20ñ50% lower average maintenance
doses of warfarin, respectively, compared to wild
type individuals. The CYP2C9*2 allele seems to
have less influence on the dose of acenocoumarol or
phenprocoumon compared to warfarin. It is impor-
tant to identify the subjects having both polymor-

Table 2. Number and frequencies of variant alleles of CYP2C9*2 and CYP2C9*3 in a cohort of long QT patients. 

Genotype Number of Observed Frequency in European 
individuals frequency (%) population (%)

CYP2C9*1/*1 75 72 80.9

CYP2C9*1/*2 17 16 19.1

CYP2C9*2/*2 2 2 0.2

CYP2C9*1/*3 9 9 8.5

CYP2C9*3/*3 1 1 0.05 
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phisms as poor metabolizers because of them having
the highest susceptibility to severe and life-threaten-
ing episodes when treated with anticoagulants.
Numerous guidelines have been published on the
use of pharmacogenomic test in dosing of S-war-
farin, two algorithms are recommended that both
provide reliable and very similar results (18). 

Losartan is a selective angiotensin II receptor
antagonist used in the treatment of hypertension in
long QT patients. After oral administration, approx-
imately 14% of the losartan dose is converted to E-
3174. The E-3174 metabolite is at least 10-fold
more potent than losartan. In vitro and in vivo stud-
ies have demonstrated that losartan is metabolized
by CYP3A4 and CYP2C9 to E-3174 (19). Oxidation
of losartan was significantly reduced in liver micro-
somes from individuals homozygous for the
CYP2C9*3 allele or homozygous for the
CYP2C9*2 allele compared with CYP2C9*1
(approximately 30- and 4-fold, respectively).
Individuals with slow CYP2C9 metabolism showed
an impaired therapeutic response to losartan, but
still there is no algorithm of pharmacogenomic dos-
ing of this drug (20, 21).

The presented assay allow rapid genotyping of
CYP2C9 alleles and decrease the chance of contam-
ination intrinsic to the generally used two-step pro-
cedures. The method used in the study is very sim-
ple and provides results of genotyping theoretically
within 3 h. To increase the efficiency and facilitate
genotyping, a real-time PCR method with fluoro-
metric melting point analysis of PCR product was
developed. The real-time PCR method produced
100% reliable results as confirmed by sequencing,
however the costs of genotyping with use the
hybridization probe are higher than the costs for
conventional PCR genotyping. Method presented in
this paper is more time-consuming but less expen-
sive than sequencing and real-time PCR assays (22). 

Molecular genetic analysis constitutes a deter-
minative tool for the definitive validation of the
right dose of the drug to the right patient.
Genotyping for CYP2C9 allelic variants can be car-
ried out rapidly and at low cost by ASA-PCR based
assays. When genotyping is to be performed in all
patients before starting treatment with losartan or S-
warfarin, drugs often used in some of long QT
patients, it should be adjusted in the high-risk indi-
viduals at the initiation of treatment. This procedure,
together with serum drug concentration monitoring,
will facilitate and accelerate a proper drug dosing,
with a lower risk of intoxications, which contributes
to the individualization and optimalization of phar-
macotherapy patients with long QT syndrome. 
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Bosentan is an active substance in the orphan
drugs used to treat pulmonary artery hypertension
(PAH). It is a dual endothelin receptor antagonist
(ERA) with the affinity for both receptors of the A
and B: endothelin-A (ETA) and endothelin-B (ETB).
Under normal conditions, ETA or ETB receptors
cause constrictions of the pulmonary blood vessels.
By blocking this interaction, bosentan decreases
pulmonary vascular resistance (1).

During the synthesis of bosentan the following
solvents were used: ethanol, methanol, acetone,
toluene, ethylene glycol, acetic acid, DMSO.
Benzene is a potential contaminant of acetone. The
acetic acid and ethylene glycol were used in the last
stage of the bosentan synthesis. The DMSO was
used prior to the last step in the synthesis. According
to the International Conference on Harmonization
(ICH) guidelines (2), all these residual solvents
should be controlled to ensure the safety and quality
of the finished product. Ethanol, acetone, methanol,
toluene and benzene are determined by static head-
space gas chromatography (HS-GC) methods.
Volatile organic components (VOCs) are often
determined by static headspace gas chromatogra-
phy. This technique is very robust and combines
easy sample preparation with good selectivity and
low detection limits (high sensitivity). The HS tech-
nique is characterized by low sample matrix inter-
ference. The European Pharmacopoeia (Ph. Eur.)
(3), describing a general HS procedure for
Identification and Control of Residual Solvents in a
drug substance, classifies solvents into three classes
on the basis of their toxicity level and the degree to

which they can be considered an environmental haz-
ard (4). The AA and DMSO fall into Class 3 with
the permissible daily exposure (PDE) of 50 mg/day
(2). The EG is classified into Class 2 with the per-
missible daily exposure (PDE) of 6.2 mg/day (2).
According to the Guideline Q3C (R5) 11 (2) the
acceptable limits ñ maximum allowable limits in
respect to sample preparation ñ are as follows: 620
ppm for the ethylene glycol, 5000 ppm for the acetic
acid and 5000 ppm for the DMSO. 

Headspace technique is not suitable for less
volatile solvents because they cannot reach the
injector and the column. As a consequence, the
determination of high boiling/semi-volatile solvents
becomes challenging. Therefore, the described
method for the determination of high boiling VOCs
like the acetic acid (AA), dimethyl sulfoxide
(DMSO) and ethylene glycol (EG) presents an inter-
esting example of dealing with high boiling/semi-
volatile solvents.

In the literature there is a lack of descriptions
of the methods for the simultaneous determination
of the AA, DMSO and EG in bosentan and other
substances. However, AA, DMSO and EG were
determined separately, with other analytes and in
different matrices (5ñ7). If a sample is not liquid,
first, it has to be dissolved in a suitable medium to
obtain a clear, homogeneous solution. This implies
that residual VOCs have to be determined in the
simultaneous presence of the sample matrix and
dilution medium.

The development and validation of the gas
chromatographic method with direct injection for
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the quantitative determination of residual AA,
DMSO and EG in the pharmaceutical active sub-
stance bosentan has been described in this work. 

EXPERIMENTAL

Chemicals

Chemicals of an analytical grade were used for
the validation. The active substance ñ bosentan ñ
was synthesised in PRI (Pharmaceutical Research
Institute, Warsaw, Poland). The 99.7% AA and
99.7% DMSO were provided by Sigma-Aldrich
(Steinheim, Germany), the 99.5% EG and acetoni-
trile were provided by POCH (Gliwice, Poland).

Method optimization

In order to analyze the high boiling VOCs in a
short time, so that the method could be implemented
as a routine method of analysis, a further optimization
was needed. The mixture of three high boiling point
(b.p.) VOCs, namely AA (b.p. 118OC), DMSO (b.p.
189OC) and EG (b.p. 198OC), was used as the standard
solution in order to generate data. A higher initial
temperature and a faster ramp were selected. Thus,
the analysis time of the optimized temperature pro-
gram was reduced to 30 min. Working standard solu-
tions were prepared based on different sample sizes to
investigate the effect of the sample size. Different
split ratios were also studied. The injector port tem-
perature was considered to be a very important
parameter. In order to investigate whether the bosen-
tan decomposition was the reason of an unknown
impurity at the retention time of the etylene glycol,
the analyses under different injector temperatures

were performed. The results of these investigations
are presented in Figure 1. Stable injections have been
achieved as the injector temperature was changed
from 220 to 160OC. If the injector temperature is too
low, the AA, DMSO and EG in the sample matrix
may not vaporize completely before they are trans-
ferred into the column. Therefore, lower injector tem-
peratures were not investigated. Complete GC param-
eters can be found in Method description.

Method description 

Chromatographic conditions 
Chromatographic separations were performed

on a DB-WAX column (poly(ethylene glycol) film
thickeness 0.5 µm, 60 m long, 0.32 mm ID). The
experiments were performed on a Shimadzu GC-
2010 gas chromatograph (GC) equipped with a
Shimadzu AOC -20i autosampler and a flame ion-
ization detector (FID). 

GC parameters: inlet heater 160OC, detector
260OC, oven initial temperature 60OC, raised at the
rate of 5OC/min to 185OC, then raised at the rate of
30OC/min to 240OC, 3 min at the final temperature.
Nitrogen was used as the carrier gas at 100 kPa
(constant flow, approximately 3.48 mL/min) and the
split flow of 10 mL/min. The air flow rate of 400
mL/min, the hydrogen flow rate of 40 mL/min were
used for FID and 1 µL was used for injection.

Preparation of standard and test solutions 
All solutions were prepared directly before the

analysis.
The acetonitrile (ACN) was used for the stan-

dard and test solution preparation as the diluent. 

Figure 1. Overlain chromatograms of the first and second injection of the sample solution in temperature 240OC of the inlet heater
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Standard solutions were prepared from the
standard stock solutions by diluting an appropriate
volume in the diluent to reach 100% of the specifi-
cation limit concentrations ñ 620 µg/mL of EG,
5000 µg/mL of AA and 5000 µg/mL of DMSO (the
SST solution) and to reach 10% of the specification
limit concentrations ñ 62 µg/mL of EG, 500 µg/mL
of the AA and 500 µg/mL of DMSO.

Test solutions were prepared by dissolving
approximately 100 mg of bosentan in 1.0 mL of
diluent.

Additional validation solutions were prepared
as follows: 
Specificity solution

The specificity solution was prepared by dis-
solving the appropriate amounts of all solvents from
the synthesis route and a potential contaminant in
the ACN to reach 100% of the specification limit
concentrations: (ethanol (5000 µg/mL), methanol
(3000 µg/mL), acetone (5000 µg/mL), toluene (890
µg/mL), EG (620 µg/mL), AA (5000 µg/mL),
DMSO (5000 µg/mL), benzene (20 µg/mL).

Reference solutions
Spiked test solutions (Solution I, Solution II,

Solution III, Solution IV) were prepared by dissolv-
ing 100 mg of bosentan in 1.0 mL of the correspon-
ding standard solutions. Solution I contains 50
µg/mL of AA, 50 µg/mL of DMSO and 6.2 µg/mL
of EG, that corresponds to 500 µg/mL of AA, 500
µg/mL of DMSO and 62 µg/mL of EG in the tested
substance. Solution II contains 250 µg/mL of AA,
250 µg/mL of DMSO and 31 µg/mL of EG, that cor-
responds to 2500 µg/mL of AA, 2500 µg/mL of
DMSO and 310 µg/mL of EG in the tested sub-
stance. Solution III contains 500 µg/mL of AA, 500
µg/mL of DMSO and 62 µg/mL of EG, that corre-
sponds to 5000 µg/mL of AA, 5000 µg/mL of
DMSO and 620 µg/mL of EG in the tested sub-
stance. Solution IV contains 74.4 µg/mL of AA, 60
µg/mL of DMSO and 6.2 µg/mL of EG, that corre-
sponds to 6000 µg/mL of AA acid, 6000 µg/mL of
DMSO and 744 µg/mL of EG in the tested sub-
stance. 

Chromatographic procedure
For the GC analysis, a portion of each solution

was transferred into a crimp-top vial with a fixed
insert. The vial was closed with a PTFE/rubber
crimp cap. One microliter of the blank (ACN), 1.0
µL of the test solution and six 1.0 µL replicate injec-
tions of the standard solution (SST solution) were
chromatographed separately. Under the described
conditions, the retention time is about 18.1 min,

about 22.7 min and about 23.1 min for AA, DMSO
and EG, respectively. The resolution of not less than
1.5 between the determined solvents was set as the
system suitability requirement for the system suit-
ability solution. To verify the system precision, six
replicate injections of the system suitability solution
were injected and the relative standard deviation
(RSD) for the area peak of the residual solvents
from six injections was calculated. The RSD of not
more than 10.0% was set as the system precision
acceptance criterium for the determined solvents
peak areas. The acetic acid, DMSO and ethylene
glycol in the test sample were determined against
the mean areas of respective solvents obtained from
the replicate injections of the system suitability solu-
tion. 

Evaluation
In order to establish the validation parameters,

the peak area (x), mean peak area (xñ), relative stan-
dard deviation (RSD), and confidence interval xñ ±
∆x were evaluated. 

The recovery was calculated using the follow-
ing formula (1):

Wstd ∑ AsolRecowery = ñññññññññ × 100% (1)
Astd ∑ Wsol

where: Wstd ñ weight of the analytes in mg in 1 mL
of the standard solution; Wsol ñ weight of the ana-
lytes in mg in 1 mL of the solution I, II, III or IV;
Astd ñ peak area of the analytes in the chromatogram
of the standard solution; Asol ñ peak area of the ana-
lytes in the chromatogram of the solution I, II, III or
IV. 

For intermediate precision, the Snedecor F-test
was performed using the following formula (2): 

SD1
2

F = ññññññ          SD1 > SD2 (2)
SD2

2

where: SD1 ñ standard deviation from the results
obtained by the first analyst. SD2 ñ standard devia-
tion from the results obtained by the second analyst.

RESULTS AND DISCUSSION 

The validation procedure was performed based
on the ICH requirement (8). During the validation,
the specificity, precision, linearity, accuracy, limits
of detection (LODs) and quantitation (LOQs) and
robustness were investigated.

Specificity 

The specificity of the method was evaluated by
injecting the following samples: the blank (ACN ñ
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diluent), test solution, reference solution, specificity
solution, solvent solutions (ethanol solution,
methanol solution, acetone solution, toluene solu-
tion, EG solution, AA solution, DMSO solution,
benzene solution). 

The peak area of the analytes in the chro-
matogram of the reference solution (spiked test solu-
tion) was greater than the corresponding peak area
in the chromatogram of the test solution. The reten-

tion times of the analytes in the chromatogram of the
reference solution correspond with the retention
times of the analytes in the chromatogram of the sol-
vent injected separately. Spiking the sample with the
analyte did not cause the peak to split. In the chro-
matogram of the blank there were no peaks with the
retention time of the analytes. All peaks in the chro-
matogram of the specificity solution are separated,
Rs ≥ 1.5 between the determined solvents (Table 1).

Figure 2. Overlain chromatograms of the diluent, test solution and specificity solution

Table 1. Specificity results of the acetic acid, DMSO and ethylene glycol determination.

Specificity solution Solvent solutions 
injected separately

Compound name
Retention time Retention time

[min] 
Rs [min]

Acetone 4.97 - 4.98

Methanol 5.62 5.21 5.62

Ethanol 6.03 3.70 6.03

Benzene 6.22 1.39 6.21

ACN 7.23 5.51 7.27

Imp. of ACN 7.60 2.43 7.62

Toluene 7.82 2.11 7.83

Acetic acid 18.13 93.09 18.01

DMSO 22.74 46.19 22.73

Ethylene glycol 23.14 3.84 23.14
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Figure 2 presents the comparison of the chro-
matograms obtained from the blank, test solution
and specificity solution, respectively. 

Precision

The precision of the method was established as
the repeatability, system and intermediate precision.
The repeatability was established by measuring trip-
licate independent preparations of the solutions IñIV
with the analytes at 10, 50, 100 and 120% of the
specification limit, 6 independent preparations of
the solution III with the analytes at about 100% of
the specification limit ñ prepared according to the
solution preparation presented in Additional valida-
tion solutions. The system precision was established
by measuring the response of six replicate injections

of the standard solution ñ the solution with the AA,
DMSO and EG at 100% of the specification limit ñ
and six replicate injections of the standard solution
ñ the solution with AA, DMSO and EG at 10% of
the specification limit. The intermediate precision
was established by performing a repeatability test on
a different day and by a different analyst. The inter-
mediate precision was determined by comparing the
results obtained by both analysts using Snedecorís
F-test.

The acceptance criteria were set up as the RSD
value below 15, 10 and 15%, respectively. An addi-
tional criterium based on Snedecorís F-test was set
up as: if Fexperimental ≤ Fcritical (for α = 0.05, f1 = n1ñ1, f2

= n2ñ1), then, the difference between the results
obtained by both analysts is insignificant. The criti-

Table 2. Validation results of the acetic acid, DMSO and ethylene glycol determination.

Parameter Acetic acid DMSO
Ethylene 

glycol  

6 ◊ 10% peak area 1.13 0.57 1.50
of spec. limit,

System RSD% tR 0.01 0.07 0.08

precision 6 ◊ 100% peak area 0.49 0.50 0.72
of spec. limit,

RSD% tR 0.006 0.009 0.007

3 ◊ 10%, 50%, 100%, 6.39 6.38 6.54
Method 120% of spec. limit,

precision ñ RSD%
repeatability

6 ◊ 100% of spec. limit, 6.29 8.08 4.87
RSD%

Method 6 ◊ 100% of spec. limit, 2.42 3.44 4.79
precision ñ RSD% 
intermediate 

precision Snedecorís F-test (F5,5,exp.) 3.17 2.01 1.63  

3 ◊ 10%, 50%, 100%, xñ ± ∆x 91.6 ± 3.7% 97.0 ± 3.9% 99.4 ± 4.1%
Accuracy

120% of spec. limit RSD% 6.39 6.37 6.54

Table 3. The characteristic of regression lines (y = ax + b).

Parameter Acetic acid DMSO Ethylene glycol

R2 0.9994 0.9994 0.9991

SDxy 1061.23 1716.30 190.91

y-intercept, b ñ1612.13 ñ841.45 ñ183.62

SDb 717.25 1159.98 129.03

tb,exp. 2.25 0.73 1.42

Slope, a 216.97 351.50 252.55

SDa 1.86 2.99 2.63

ta,exp. 116.89 117.60 96.08
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cal parameter F (α = 0.05; f1, f2 = 5) is 5.05. The
results of the method precision are presented in
Table 2. It has been pointed out that all criteria were
fulfilled and the method is precise. 

Accuracy 

The accuracy was assessed on the samples
spiked with known amounts of the analytes (sample
spiked with the analytes at 10, 50, 100 and, 120% of
the specification limit). The accuracy of the method
was established by assaying 12 sample solutions
(triplicate independent preparations of solutions
IñIV), blank (ACN) and test solution against the
standard solution (three replicate injections). Then,
the recovery results were calculated. The acceptance
criteria were set up as the RSD value below 15%
and the recovery value 100% ± 20%. The recovery
results are presented in Table 2. All set up criteria
were fulfilled. The method is accurate.

Limits of detection and quantitation

The sensitivity of the method was demonstrat-
ed by low LOD values obtained for the analytes. The
limit of detection (LOD), calculated as the concen-
tration which generated a peak about 3 times as high
as the noiseís height, and the limit of quantitation
(LOQ) calculated as the concentration which gener-
ated a peak about 10 times as high as the noiseís
height, were found as 14 and 46 µg/mL for AA, 6.3
and 20 µg/mL for DMSO and 9.2 and 29.2 µg/mL
for the EG, respectively. 

Linearity 

The linearity of the method was evaluated by
analyzing 3 replicates of the standard solutions at
ten concentration levels in the range between 10 to
120% of the specification limit. The AA concentra-
tions ranged from 50.22 to 602.64 µg/mL, which
corresponds with approximately 502.2ñ6026.4
µg/mL in the tested substance. The DMSO concen-
trations ranged from 50.44 to 605.28 µg/mL, which
corresponds with approximately 504.4ñ6052.8
µg/mL in the tested substance and for EG they
ranged between 6.38ñ76.56 µg/mL, which corre-
sponds to approximately 63.8ñ765.6 µg/mL in the
tested substance. The results of the statistical evalu-
ation of the linearity experiments (correlation coef-
ficient, y-intercept (b), slope of regression line (a),
residual standard deviation (SDxy), standard devia-
tion of b (SDb), standard deviation of a (SDa) are all
summarized in Table 3. The obtained correlation
coefficients (R2) of the linear regression for the
determined solvents were above 0.999. This indi-
cates a linear relationship between the analyte con-

centrations and the detector response. The critical
parameter t (95%, 8) is 2.306. Our results show that
the parameters a and b are statistically important, the
method is characterized by a very good precision
and is free from systematic errors.

Robustness

In order to evaluate the robustness of the
method, the influence of the variations of such
method parameters as the pressure, temperature and
rate were investigated to ensure the separation of the
solvents with the use of different chromatographic
conditions. System suitability (SST) requirements
were checked for the variations of ± 10 kPa on the
carrier gas flow, ±5OC on the initial oven tempera-
ture, ± 1OC/min on the rate. Under all the deliberate-
ly changed chromatographic conditions, all system
suitability criteria were within the limits (the resolu-
tions (Rs) between two analyte peak > 1.5, and RSD
< 10.0%). The obtained results indicate that the
studied variations of the GC conditions do not cause
any significant changes in the resolutions and the
method is robust.

CONCLUSIONS

A direct injection GC is the preferred method
to determine AA, DMSO and EG. A preliminary
direct injection GC method was developed using a
DB-WAX column (stationary phase: (poly(ethylene
glycol); 60 m ◊ 0.32 mm i.d., 0.5 µm film thicke-
ness) at 240OC of the inlet heater. During the
method, evaluation matrix effects were observed,
resulting in an unknow impurity ñ a decomposition
peak with the retention time of EG. Reports on drug
matrix effects in the determination of residual sol-
vents are rare. Kersten (9) reported a study on matrix
effects in the GC determination of residual solvents
in a drug substance (acidic, basic and neutral). It was
claimed that no matrix effects were observed. In this
paper, attempts were made to overcome the matrix
effects and it was found that they can be eliminated
by changing the inlet heater temperature. Bosentan
is a polar compound that contains hydroxy group.
The melting point of bosentan is 110OC and it is
therefore possible that a higher injector temperature
results in the decomposition of bosentan, which rep-
resents itself as a peak with the retention time of EG.
The method described above represents an interest-
ing tool for the analysis of high boiling VOCs,
namely A, DMSO and EG in matrices which are
unstable at higher temperatures. Its considerable
advantage is that the specificity enormously
increased for the investigated solvents after reducing
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the injector temperature. This is the first method
ever reported in the literature, which concerns the
separation and quantitation of AA, DMSO and EG.

In this study, the validation of a new GC
method for the simultaneous control of residual AA,
DMSO and EG in bosentan was performed. During
the validation procedure, which was carried out
according to the ICH guidelines Q2R1, the speci-
ficity, precision, accuracy, limits of detection and
quantitation and robustness were evaluated. All set
up criteria were fulfilled. The method is specific,
accurate, linear and shows a satisfactory level of
precision. The determined solvents can be detected
and quantified at µg/mL level. As a consequence,
these solvents can be quantified in substance bosen-
tan far below their respective official limit concen-
trations. The validation procedure shows that the
method is suitable for its intended purpose.
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One of the most dangerous phenomena of the
XX century was the introduction of radionuclides
into the (natural) environment what, when uncon-
trolled, can lead to a radioactive contamination.
Serious contamination may be a consequence of the
release of radioactive gases during nuclear power
plants disasters, tests of nuclear weapons and to
smaller extent, improper storage of radioactive
materials as well as radioactive fallouts from nuclear
power plants. Raw materials used in different indus-
try branches that were acquired/collected from con-
taminated areas pose a risk to human health. One
example of such materials are plants used in medic-
inal preparations. They are mainly contaminated
with 137Cs. The half-life of this radionuclide is long
enough to allow it to be deposited in plants and soil
for a very long time. Nuclear tests in the atmosphere
contributed to the wide spread of fission and activa-
tion products of this isotope. It was estimated that
the activity of about 9.6◊1017 Bq 137Cs was intro-
duced this way to the atmosphere, since 76% was
deposited in the northen hemisphere and 24% in the
southern (1). Another important source of 137Cs con-
tamination are nuclear power plants accidents.
Chernobyl disaster released the greatest amount of
137Cs (activity around 7◊1016 Bq) (2.) Even though it
has been 28 years ago, because of the close geo-
graphic vicinity, 137Cs contamination can be still
observed in Poland. Figure 1 shows the average de-
position of the 137Cs concentration in soil in particu-
lar provinces of Poland in 2010 (3). These measure-

ment results indicate that the concentration of 137Cs
radioisotope in particular samples taken from 10 cm
thick soil layer oscillated from 0.22 to 23.78
kBq/m2. The highest levels ñ registered in the South
of Poland ñ are caused by intensive local rainfall
which occurred in those territories at the time of
Chernobyl accident. The highest soil average con-
centration of the 137Cs ranging from 3 to 6 kBq/m2

was found in Opole, Silesian and Lower Silesian
voivodeships. 

The 137Cs undergoes radioactive decay with the
emission of β particles with a mean energy of 0.52
MeV and γ rays of energy 661.7 keV. Its presence in
soil has substantial effect on the contamination of
human food chain. Cesium gets to the plants through
the passive deposition on the aerial parts of plants as
well as via roots. The latter way of 137Cs uptake has
long-term effects. 

Many plant and food products may be contam-
inated with 137Cs. According to Polish Informacyjna
Agencja Radiowa (Information broadcasting
agency), Belorussian Sanitary Inspection found that
some types of wines are produced using radioactive-
ly contaminated fruits. Higher than allowed radioac-
tive concentrations were also detected in many other
food products. Areas heavily affected by Chernobyl
accident (including Poland) still suffer from the con-
sequences of this nuclear plant disaster. It can be
suspected that companies trading with groundcover
products and wanting to reduce costs, may be look-
ing for lower quality products from unknown
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sources. Sanitary Inspection in Belarus and Ukraine
came across radioactive frozen raspberries and cur-
rants. Contaminated products very often came to
European Union countries, where limits are lower

than those in Belarus. Regarding the total cesium
radionuclides concentration in foodstuff, the
European Union limit stands at 600 Bq/kg. The
importance of this issue is evidenced by the fact that

Figure 1. Average surface concentration of 137Cs (10 cm-thick soil layer) in 2010 in particular provinces of Poland

Table 1. Plant-based raw materials used in the study along with the site of collection.

Plant-based raw material Site of collection

Vaccinium vitis-idaea fruits
1. Solska Wilderness (Hamernia vicinity, near JÛzefÛw)
2. Kuünica Ligocka ñ Bory NiemodliÒskie

Vaccinium myrtillus fruits
3. Bory Dolnoúlπskie
4. Suche Rzeki ñ Bieszczady

1. Solska Wilderness (Hamernia vicinity, near JÛzefÛw)
2. Przemyúl vicinityVaccinium oxycoccus fruits
3. Gmina Lutowiska ñ Bieszczady
4. Lasy Stobrawsko-Turawskie

Table 2. Dietary supplements used in the study.

Main component Supplement brand name

Vaccinium vitis-idaea fruits
1.Biotta
2. Dried lingonberry ñ Biofit

1. Lutein plus
Vaccinium myrtillus fruits 2. Solgar bilberry

3. Pryzmin  

1.Urinal
2. Urinatin Megafryt
3. Dried swamp cranberry ñ BiofitVaccinium oxycoccus fruits
4. Colfarm swamp cranberry
5. Solgar swamp cranberry
6. Øurawinea Max
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one of the European Parliament debates, taking
place in Strasburg (14 February 2011), entitled
ÑRadioactive contamination of foodstuffì, was
devoted to the subject of this article (4). 

EXPERIMENTAL

Tables 1 and 2 show herbal medicines and
dietary suplements, respectively, that were used in
this study.

Radioactivity of 137Cs was measured using γ-
ray spectroscopy, which enables to quantify radioac-
tivity ranging from 0.5 to 4000 Bq/kg or Bq/l in food
and environmental samples such as soil, grass and
ground water. Canberra γ-ray spectroscopy system
coupled with three semi-conductor HPGe detectors
and Genie 2000 software were used. The γ-ray spec-
trometric method for determining 137Cs is based on
the measurement of the intensity of γ radiation at
661.6 keV in both, sample and standard. Multi-γ

Figure 2. γ-Ray spectrum of background. Time of measurement ñ 60 h

Figure 3. γ-Ray spectrum for dietary supplement Urinal. Time of measurement ñ 24 h
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mixtures in Marinelli beakers with 100 and 450 mL
acitive volumes and 1.0, 1.14 and 1,15 g/cm3 active
densities were used covering the γ energy range
from 88 to 1836 keV.

The 100 or 450 mL Marinelli beakers were
weighted and filled with samples. If the sample vol-
ume was lower than the active volume of the beaker,
distilled water was added in case of liquid samples.

Figure 4. γ-Ray spectrum of Vaccinium vitis-idaea L. fruits collected in Bory NiemodliÒskie. Time of measurement ñ 24 h

Table 3. Concentration of 137Cs in plant-based raw materials with the site of collection.

Plant-based raw material Total activity of
Site of collection 137Cs [Bq/kg]  

Vaccinium vitis-idaea fruits

1.Solska Wilderness (Hamernia vicinity, near JÛzefÛw) 5 ± 1*  

2. Kuünica Ligocka ñ Bory NiemodliÒskie 30 ± 5

3. Bory Dolnoúlπskie 25 ± 4  

4. Suche Rzeki ñ Bieszczady 3 ± 1  

Vaccinium myrtillus fruits

1. Solska Wilderness (Hamernia vicinity, near JÛzefÛw) 4 ± 1  

2. Kuünica Ligocka ñ Bory NiemodliÒskie 27 ± 4  

3. Bory Dolnoúlπskie 20 ± 4  

4. Suche Rzeki ñ Bieszczady 1.0 ± 0.2  

Vaccinium oxycoccus fruits

1. Solska Wilderness (Hamernia vicinity, near JÛzefÛw) 4 ± 1  

2. Przemyúl vicinity 8 ± 2  

3. Gmina Lutowiska ñ Bieszczady 6 ± 1  

4. Lasy Stobrawsko-Turawskie 9 ± 2

* ñ Expanded uncertainty; Coverage factor k = 3
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In case of solid and semi-solid samples, non-reac-
tive and easily mixible material (such as talk) was
added. 

The energy dependence on the detection effi-
ciency was determined with reference standard and
used to calculate the concentration of radionuclides
in the samples..

RESULTS

Figure 2 shows the level of background γ radi-
ation measured using Canberra spectrometric sys-
tem. It was used as an analytical blank. The 661.6
keV line corresponding to 137Cs had intensity of
3◊10-4 cps. This value was taken into account in
determination of 137Cs radioactivity in all samples
and standards. Other lines present in the spectra are
of natural origin and had no influence on the results.
Figure 3 shows the γ-ray spectrum obtained for
dietary supplement Urinal. 137Cs activity was below
the detection limit. 

Figure 4 shows the γ-ray spectrum of
Vaccinium vitis-idaea L. fruits collected in Bory
NiemodliÒskie. Elevated radioactivity of 137Cs
(around 30 Bq/kg) is clearly visible.

The 137Cs radioactivity was below the detection
limit in all dietary supplements tested. Table 3
shows the activity of 137Cs found in other raw mate-
rials tested.

CONCLUSIONS

None of the dietary supplements analyzed con-
tained radioactive 137Cs isotope, what indicates prop-
er collection of raw plant materials or low concen-
tration of these raw materials in analyzed samples.
Concentrations of radioactive cesium found in

Vaccinium vitis-idaea L. and Vaccinium myrtillus are
variable and depend on the site of raw material col-
lection. They are 8 times greater for materials col-
lected in southern voivodeships (Opole and Lower
Silesian) than for those acquired in Bieszczady,
what correlates with the soil contamination of these
regions.

Much lower activity was found in case of
Vaccinum oxycoccos samples (4ñ9 Bq/kg). There
were no differences for samples collected at differ-
ent areas.

The activity levels measured (maximum 30
Bq/kg) lead to negligibly low effective doses
(around 0.03 mSv) even after single consumption of
1 kg. Such equivalent doses correspond to the single
chest x-ray and can be considered as hormetic dose.
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Erratum

In the paper: ìInfluence of spray drying manufacturing parameters on quality of losartan potassium
microspheres.î Acta Pol. Pharm. Drug Res., Vol. 71, No. 5, pp. 833ñ841 (2014), the correct author-
ship should read: 
Andrzej Jankowski, Rados≥aw Balwierz, Dominik Marciniak, Dariusz £ukowiec, Janusz Pluta

In Acta Pol. Pharm. Drug Res. Vol. 71, issue 5 (2014), in Table 3, p. 805, in the last column and
line 9 the letters "FTMFTM" should be removed.
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