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Abstract:

Phenothiazines belong to the oldest, synthetic antipsychotic drugs, which do not have their precursor in the world of natural com-
pounds. Apart from their fundamental neuroleptic action connected with the dopaminergic receptors blockade, phenothiazine de-
rivatives also exert diverse biological activities, which account for their cancer chemopreventive-effect, as: calmodulin- and protein
kinase C inhibitory-actions, anti-proliferative effect, inhibition of P-glycoprotein transport function and reversion of multidrug re-
sistance. According to literature data on relations between chemical structure of phenothiazines and their biological effects, the main
directions for further chemical modifications have been established. They are provided and discussed in this review paper.
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Abbreviations: CaM — calmodulin, cAMP — adenylate cy-
clase, cGMP — guanylate cyclase, CNS — central nervous sys-
tem, CPZ — chlorpromazine, DPPC — dipalmitoylphosphatidyl-
choline, FPh — fluphenazine, MDR — multidrug resistance, Pgp
— P-glycoprotein, Phts — phenothiazine derivatives, PKC — pro-
tein kinase C, TPZ — trifluoperazine

Introduction

Drugs from phenothiazine family exhibit a wide range
of biological effects. Together with their main neuro-
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leptic action, other biological activities of importance
to their cancer chemopreventive effect were docu-
mented (anti-CaM activity, inhibition of the PKC ac-
tivity, decrease of cell proliferation, and inhibition of
the Pgp transport function) [14, 22, 33]. The mecha-
nisms of these activities have been already well rec-
ognized and linked to chemical structure of com-
pounds from the phenothiazine family.

General chemical formula of the phenothiazines is
given in Figure 1.

According to the literature data, substituents at-
tached to the position C-2 of the tricyclic phenothi-
azine ring and the length of the alkyl bridge connect-
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Fig. 1. General chemical structure of
Phts
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ing the nitrogen atom at position 10 (N-10) of the tri-
cyclic ring, with the terminal amine group in the side
chain, determine activity of Phts against cancer cells
[14, 30, 31, 34], and the activity is more strongly
bound to the type of substituents in the phenothiazine
ring than by the nature of the side chain [20]. In ac-
cord with this concept, the phenothiazine ring modifi-
cations gave the derivatives (e.g., benzo[a]phenothi-
azines, azaphenothiazines) with marked anticancer ef-
fects on various cell lines in vitro [27, 28, 33].

This review paper provides the literature data on
relations between the chemical, three-dimensional
structure of Phts and their biological activity. To our
knowledge, the subject of multidirectional biological
activity of Phts regarding their chemical structure has
not been documented.

Chemical structure of Phts and their
antipsychotic activity

Phts are amphiphilic compounds, which acquire posi-
tive charge in physiological pH values. They are used
as antipsychotic drugs, interact with various receptors
in the CNS, especially strongly block the dopaminer-
gic receptors [44]. Phts also inhibit other receptors on
neurons in the CNS, including a-adrenergic, sero-

tonin, histamine, muscarinic or GABA-ergic recep-
tors, however, the affinity for dopaminergic receptors
is the strongest [29, 32, 37, 53].

The affinity of Phts to dopaminergic receptors is
explained by the fact that the three-dimensional con-
figuration of Phts resembles (to some extent) the do-
pamine structure [51], as is presented in Figure 2.

Phts applied as neuroleptic drugs easily cross the
blood-brain barrier, since they exhibit a strong affinity
to lipid bilayers of the cell membranes in neurons and
other lipid-rich tissues since the phenothiazine ring
possesses a high degree of lipophilicity [41]. In order
to obtain an active neuroleptic derivatives, the hydro-
gen atoms attached to carbon C-2 and nitrogen N-10
atoms were substituted by different chemical groups,
and structures of various Phts given in the literature
contained at the N-10 position: piperazine, piperidine,
or aliphatic side chain [6] (Fig. 1).

Depending on the structure of substituents in the
side chain, the intensity of neuroleptic action of Phts
could be ranked as follows: piperazine group >
piperidine group > aliphatic chain [10]. The piperazine
Phts demonstrate the strongest antipsychotic action,
but they also induce the central side effects (including
dyskinesia and extrapyramidal disorders) [10].

It was well concluded that the presence of trifluoro-
methyl substituent (-CF;) attached to carbon C-2
atom, as well as the propyl connector between the
lipophilic core and the tertiary amine moiety were
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Fig. 2. The structural complementarity between the phenothiazines
and dopamine. A. — the structure of phenotiazines, B. — the structure
of dopamine, C. —the superposition of phenothiazines and dopamine
structures [10]

crucial for the neuroleptic activity of Phts, and the oc-
currence of electronegative atoms/groups attached to
carbon C-2 atom of the phenothiazine ring intensified
their antipsychotic activity in the following order: X =
-SO,NR; > -CF; > -CO-CH; > -CI [10]. The propyl
connector between the phenothiazine ring and the fi-
nal amine determined the function of Phts as dopa-
minergic receptor antagonists, and their antipsychotic
activity. It was also established that shortening the
length of this alkyl linker to two carbon atoms caused
a change in the affinity for the receptors [10].
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Chemical structure of Phts and their
inhibition of the CaM and the PKC activities

The CaM is the multifunctional, widespread protein,
which binds four calcium cations [35]. The protein is
one of the major, calcium-dependent regulator of bio-
chemical processes and plays a vital role in cell physi-
ology. The blocking effect of Phts on the CaM activity
could explain pleiotropic effects of these drugs on cell
physiology, among them the inhibition of cells prolifera-
tion and the decrease of activity of many CaM-de-
pendent enzymes in various intracellular biochemical
pathways [50]. The CaM-dependent enzymes known as
being inhibited by phenothiazines and the roles of these
enzymes in cell physiology are listed in Table 1.
According to the literature data, the CaM-activated
enzymes participate in the Pgp phosphorylation pro-
cess, which is an important step in the transport func-
tion of the protein and its ATPase activity [12, 13, 16].
Cells have developed various mechanisms of pro-
tection against foreign compounds; one of the effective
mechanism is connected with the Pgp activity. Physio-
logical function of Pgp is fulfilled by transport of en-
dogenous substrates, as well as structurally dissimilar
xenobiotics (including drugs) outside a cell [46]. The
Pgp overactivity reduces cell membrane permeability
for various drugs, also for cytostatic drugs, and thereby
decreases the effect of cancer chemotherapy [47].

Tab. 1. Selected enzymes activated by CaM, which are inhibited by
Phts, and the role of those enzymes in cellular physiology [8, 50]

ENZYME ROLE
1. cAMP Synthesis of cyclic adenylic acid
2. cGMP Synthesis of cyclic guanylic acid

3. CaM-dependent protein kinase ~ Phosphorylation of various

proteins

4. CaM-dependent protein
phosphatase (calcineurin)

Dephosophorylation of various
proteins

5. Nicotinamide adenine
dinucleotide kinase

Synthesis of nicotinamide adenine

dinucleotide phosphate
. Phosphorylase kinase Glycogen degradation
. Inositol triphosphate kinase Phosphoinositol metabolism

. Myosin light-chain kinase Contractility and motility

O o ~N O

. Ca®*-dependent
phosphodiesterase (PDE1)

Hydrolysis of cyclic adenylic acid
and cyclic guanylic acid
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Tab. 2. Suggested elements of Phts’ chemical structure which determine their biological/chemopreventive activity

The target of biological The elements of chemical structure of Phts
activity of Phts

Substituent at the C-2 position The length of the alkyl linker Terminal amine type in the side chain

CaM Lipophilic substituents n“>3 Tertiary amine group or 4-substituted
-CF,, -CI piperazine

PKC Lipophilic substituents n>3 Primary or secondary-(4-unsubstituted
-CF,, -Cl piperazine) aming group

Pap Hydrophilic substituents n=2-4 Tertiary amine group or
-COCH,, -COC,H,, 4-substituted piperazine
-50,,(CH,)

-S0,N(CHs),, -0CH,

*n — the amount of carbon atoms in the alkyl connector

It was established that induced by Phts an inactiva-
tion of the CaM-dependent enzymes, as well as inhi-
bition of the PKC, lead to a decrease of Pgp phospho-
rylation and inhibited its transport function [2—4, 48].
The potency of Phts in decreasing the CaM and the
PKC activities is related to their chemical structure.
The presence of at least a propyl alkyl connector,
which bound the terminal amine to the core, deter-
mined the PKC inhibitory activity by Phts, and the
primary amines, as well as unsubstituted piperazines
in the aminoalkyl side chain important for that activ-
ity [1]. Also a type of substituent being attached to the
carbon C-2 atom of the phenothiazine ring played
a crucial role in the inhibition of PKC activity; deriva-
tives with -Cl atom exhibited the greatest potential,
while the presence of -CF; group diminished the ac-
tivity of phenothiazine compounds against PKC [1].

The three-dimensional structure and chemical prop-
erties of Phts determine interaction with the CaM. In
general, the CaM inhibitors are amphiphatic amines
with positive charge in neutral pH of the solution [50].
It was established that the presence of aromatic ring
and cationic fragment in their molecule is crucial for
this activity — aromatic ring showed a strong affinity
for the hydrophobic surface on the CaM after its acti-
vation in the presence of calcium, whereas the cationic
group interacted with anionic side chain of the CaM
[35]. The substituents which increased the lipophilic
properties of the ring system (for instance: -CF3) led to
the elevation of the anti-CaM activity, whereas the sub-
stitution of rings by hydrophilic groups (-OH) caused
the reverse effect, it decreased the Phts potency in the
CaM inhibition [35, 50].

The capacity of Phts to inhibit the CaM activity
also depends on length of the alkyl bridge, which
binds the pheniothiazine ring with the amine side
group — the alkyl bridge should be structured by three
carbon atoms, and the strongest inhibitors of the CaM
have had a propyl chain in their structure [50]. Also
a type of an amine in the side chain was of great im-
portance, and the presence of an amine in the cyclic
system e.g., the piperazine group, was typical for the
CaM antagonists with high activity [50].

Anti-proliferative and anti-MDR activities of Phts

Phts exhibit anti-proliferative effect on neoplastic and
genotoxically damaged cells [7, 17, 36]. It was proved
that the capacity of Phts for inhibition of a cell cycle was
directly proportional to their activity as the CaM inhibi-
tors. In the aspect of their anti-proliferative activity Phts
could be ranged as follows: TFP = FPh > CPZ [18].

The important biological activity of Phts is their
ability to reverse the MDR of neoplastic cells to cyto-
static drugs. Phts could be included in the group of
compounds which increase cellular sensitivity to cy-
tostatic drugs (they restore the drug sensitivity of neo-
plastic cells), mainly by a strong inhibition of the
Pgp-dependent mechanism of the MDR [14, 15].

Among the possible mechanisms of the MDR re-
version by Phts, we evaluated the unspecific reactions
with cell membrane lipids, because of high degree of
lipophilicity exhibited by the tested Phts [9]. In the
case of FPh, a representative drug from the phenothi-
azine family, our previous results revealed that the
phase transition temperatures of FPh/DPPC mixed
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liposomes decreased in proportion to increased con-
centration of FPh [9]. Fluidization of the structure of
lipid membrane, which took place in the presence of
FPh, was probably one of the key mechanisms of in-
hibiting Pgp activity and the essential element of in-
crease of cells’ chemosensitivity [9, 45]. The other de-
scribed mechanisms of the MDR reversion by Phts
depend on their inhibiting influence on the CaM and
the PKC function, and on direct interaction with
ligand binding sites within the Pgp [26, 31, 38].

Clear relations were established between the mo-
lecular structure of Phts and their ability to inhibit
proliferation and reverse of the MDR [16]. Phts, like
the majority of the MDR modulators, are lipophilic,
heterocyclic compounds [47], which possess at least
two aromatic rings in their chemical structure. It was
found that the single-ring compounds were less active
than those with a tricyclic ring system [34]. Some
authors assumed that the presence of a charge-
assigned nitrogen atom was a very important feature
of the Pgp modulators [2, 52]. However, progesterone,
a strong inhibitor of the Pgp, does not contain nitro-
gen in its chemical structure [49]. The research
proved that nitrogen atom was an important compo-
nent of chemical structure of the Pgp inhibitors, al-
though it was not decisive for that activity [11].

It was also stated that the substituents in the phe-
nothiazine ring, which increased lipophilicity, intensi-
fied anti-proliferative action of derivatives, while the
anti-MDR activity of Phts, depending on the substitu-
ent in the C-2 position, increased in the following or-
der: -H < -Cl < -CF; [20]. Importantly, experimental
data showed that the decrease of lipophilic properties
of phenothiazine compounds, as by introducing the
-OH group to the basic phenothiazine system, mark-
edly lowered their effect on the MDR inhibition [14].

The lipophilic nature of Phts enables them to easily
penetrate and overcome the cell membrane. In the
physiological pH the cationic properties of Phts ex-
plain well the interaction of the drugs group with ani-
onic cell membrane lipids [5, 47].

Some authors noticed, however, that the process of
reversing the MDR could be influenced by the struc-
ture of a substituent at position C-2 rather than by its
lipophilicity [34]. It was also established that the pres-
ence of an ether group -OCH; attached to carbon
C-2 atom of Phts, and especially, a carbonyl group in
the form of acetyl and propionyl group [-COCHs;,
-COC,H5)] or a sulfinyl, sulfonyl or sulfonamide
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group [-SO;,(CH3), -SO,N(CHj),], significantly in-
creased anti-MDR activity of the analogues [34].

Another way to increase the anti-cancer activity of
Phts could be a modification of an aminoalkyl side chain
length and a change of the type of terminal amine. Phts
which exert a substantial anti-proliferative potential and
which restore cell sensitivity to cytostatics, have had
a four-carbon atoms alkyl bridge and piperazine group
in the side chain; piperazine and piperidine amines are
established more active in these actions in comparison
with noncyclic amine groups [25, 34].

Some authors implied that Phts with a four-carbon
atoms bridge in the side chain and piperazine struc-
ture substituted in position 4 by methyl group would
possess a relatively higher activity in reversing the
MDR than those with a di- and tricarbon atoms linker
or with a noncyclic amine [34]. The same authors also
suggested that the presence of tertiary amine in the
side chain could enhance an anti-MDR activity of
Phts when compared to derivatives containing pri-
mary or secondary amines [34]. Furthermore, it was
observed that the carbonyl substituent, regardless of
the position (whether in the ring structure or in the
side chain), increased the chemosensitive activity of
Phts only in the presence of secondary or tertiary
amine [34]. Compounds devoided of such amine
groups did not inhibit the MDR, regardless of the
presence of carbonyl group [34]. It is likely that the
carbonyl group participates in creating the intra- and
intermolecular hydrogen bonds with the Pgp [34].

The capacity to create hydrogen bonds is a vital na-
ture of compounds interacting with the Pgp [11, 38].
The presence of many elements of proton-donor ca-
pacity were identified within the intramembrane frag-
ments of the Pgp; they probably participate in creating
hydrogen bonds with acceptor substrate groups [38,
40]. It is assumed that the more hydrogen bonds the
compounds create, the more intensive interaction with
Pgp they exert [38], and, accordingly, the derivatives
with the greatest capacity to create hydrogen bonds
were the most effective inhibitors of the protein [42].

Spatial and chemical structure analysis of various
compounds able to interact with the Pgp have led to
the classification of Phts into separate types of com-
pounds: those which contain two electron donor
groups at the distance of 2.5 + 0.3 A are classified as
type I pattern, while compounds with two electron do-
nor groups at the distance of 4.6 = 0.6 A from each
other or three electron donor groups (a spatial dis-
tance of 4.6 + 0.6 A between two external groups is
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required) belong to the type Il pattern. It was stated
that compounds are able to bound to the Pgp if they
contain at least one motive of the type I pattern, or
one motive of the type Il pattern. At least two systems
of electron donor groups of the I type, or one of the I
type and one of the II type, were required for the com-
pound to be transported by the Pgp. The presence of
suitably spatially located acceptor groups or electron
donors (e.g., carbonyl, ether group, tertiary amine,
and so forth), participated in creating hydrogen bonds
with the Pgp [38, 39].

It was experimentally verified for trifluoperazine
that Phts with electron donor groups creating type |
patterns directly interacted with the Pgp [23, 24, 38].
The direct interaction between Phts and Pgp is consid-
ered as a crucial mechanism necessary for inhibition
of the transport function of the protein and an increase
of cellular chemosensitivity [19, 21].

Conclusion

Phts exert strong inhibitory activity on the CaM, the PKC
and the Pgp, which collectively account for their cancer
chemopreventive and also MDR-reversing effects. Ac-
cording to the literature and also to our previous results,
several directions for future chemical modification of
Phts were presented and discussed in this review.

To revolve around a cancer chemopreventive activ-
ity of Phts, the following chemical structure condi-
tions should be perceived as determinative: 1) the
presence of carbonyl group and, to a lesser extent,
also of an ether group, attached to the carbon C-2
atom, 2) the presence of a four-carbon atoms alkyl
bridge and piperazine group in a form of piperazine
and pyrimidine amines in the side chain, 3) the occur-
rence of terminal tertiary amine, or 4-substituted
piperazine.

These main features of chemical structure have
a marked influence on the anti-MDR activity of Phts. It
should be also notified that the presence of acceptor
groups or electron donors, able to create hydrogen
bonds with the intramembrane fragments of the Pgp (as
carbonyl and ether groups, tertiary amines) are crucial
requirement for effective inhibitors of the MDR.

An introduction of new drugs able to increase the
effect of cytostatic drugs on cancer cells is a major
challenge for pharmacy today, and it could provide
a marked improvement of cancer chemotherapy. The

search for compounds able to increase accumulation
of cytostatic drugs and their effect on cancer cells
(i.e., chemosensitizing, anti-MDR drugs) are currently
being carried on by many pharmaceutical teams.
Among the candidates for effective anti-MDR drugs,
Phts are worth further studying, since they are strong
inhibitors of the Pgp transport function and exhibit
several cancer chemopreventive actions.

Acknowledgments:

This work was supported by the Polish Ministry of Sciences and
Higher Education (Grant No. N N204150338) and partly supported
by Grant No. ST-413 of Wroclaw Medical University.

References:

1. Aftab DT, Ballas LM, Loomis CR, Hait WN: Structure-
activity relationships of phenothiazines and related drugs
for inhibition of protein kinase C. Mol Pharmacol, 1991,
40, 798-805.

2. Ahmad S, Safa AR, Glazar RI: Modulation of P-glycoprotein
by protein kinase Ca in a baculovirus expression system.
Biochemistry, 1994, 33, 10313-10318.

3. Chambers TC, McAvoy EM, Jacobs JW, Eilon G: Pro-
tein kinase C phosphorylates P-glycoprotein in multidrug
resistant human KB carcinoma cells. J Biol Chem, 1990,
265, 7679-7686.

4. Chambers TC, Pohl J, Raynor RL, Kuo JF: Identification
of specific sites in human P-glycoprotein phosphorylated
by protein kinase C. J Biol Chem, 1993, 268, 4592—4595.

5. Chen JY, Brunauer LS, Chu FC, Helsel CM, Gedde MM,
Huestis WH: Selective amphipatic nature of chlorpro-
mazine binding to plasma membrane bilayers. Biochim
Biophys Acta, 2003, 1616, 95-105.

6. Chen KH, Lin CE, Liao WS, Lin WY, Hsiao YY: Sepa-
ration and migration behavior of structurally related phe-
nothiazines in cyclodextrin-modified capillary zone elec-
trophoresis. J] Chromatogr A, 2002, 979, 399—408.

7. Cheung RK, Grinstein S, Gelfand EW: Permissive role of
calcium in the inhibition of T cell mitogenesis by calmodu-
lin antagonists. J Immunol, 1983, 131, 5, 2291-2295.

8. Cheung WY: Calmodulin plays a pivotal role in cellular
regulation. Science, 1980, 207, 19-27.

9. Cieslik-Boczula K, Szwed J, Jaszczyszyn A, Gasiorow-
ski K, Koll A: Interactions of dihydrochloride fluphe-
nazine with DPPC liposomes: ATR-IR and 3!P NMR
studies. J Phys Chem B, 2009, 113, 47, 15495-15502.

10. De Ruiter J: Dopamine antagonists: phenothiazine/thio-
xanthene sar. In: Principles of Drug Action: The Basis of
Pharmacology. Ed. Pratt WB and Taylor P, Churchill
Livingstone, New York, 1990, 1-14.

11. Ecker G, Huber M, Schmid D, Chiba P: The importance
of a nitrogen atom in modulators of multidrug resistance.
Mol Pharmacol, 1999, 56, 791-796.

Pharmacological Reports, 2012, 64, 16-23 21



13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

22

. Ermak G, Davies KJA: Calcium and oxidative stress:

from cell signaling to cell death. Mol Immunol, 2001,
38, 713-721.

Ford JM: Experimental reversal of P-glycoprotein-
mediated multidrug resistance by pharmacological che-
mosensitisers. Eur J Cancer, 1996, 32A, 991-1001.

Ford JM, Prozialeck WC, Hait WN: Structural features
determining activity of phenothiazines and related drugs
for inhibition of cell growth and reversal of multidrug re-
sistance. Mol Pharmacol, 1988, 35, 105-115.

Ganapathi R, Kuo T, Teeter L, Grabowski D, Ford J:
Relationship between of P glycoprotein and efficacy of
trifluoperazine in multidrug-resistant cells. Mol Pharma-
col, 1991, 39, 1-8.

. Hait WN, Aftab DT: Rational design and pre-clinical

pharmacology of drugs for reversing multidrug resis-
tance. Biochem Pharmacol, 1992, 43, 103—-107.

Hait WN, Grais L, Benz C, Cadman EC: Inhibition
growth of leukemic cells by inhibitors of calmodulin:
phenothiazines and melittin. Cancer Chemother Pharma-
col, 1985, 14, 202-205.

Hait WN, Lee GL: Characteristics of the cytotoxic ef-
fects of the phenothiazine class of calmodulin antago-
nists. Biochem Pharmacol, 1985, 34, 3973-3978.
Hendrich AB, Michalak K: Lipids as a target for drugs
modulating multidrug resistance of cancer cells. Curr
Drug Targets, 2003, 4, 23-30.

Hendrich AB, Wesotowska O, Motohashi N, Molnar J,
Michalak K: New phenothiazine-type multidrug resis-
tance modifiers: anti-MDR activity versus membrane
perturbing potency. Biochem Biophys Res Commun,
2003, 304, 260-265.

Hendrich AB, Wesotowska O, Pota A, Motohashi N,
Molnar J, Michalak K: Neither lipophilicity nor
membrane-perturbing potency of phenothiazine maleates
correlate with the ability to inhibit P-glycoprotein trans-
port activity. Mol Membr Biol, 2003, 20, 53—60.
Jaszczyszyn A, Gasiorowski K: Mechanisms of chemo-
preventive activity of newly synthesized fluphenazine
analogues (Polish). Borgis® Wydawnictwo Medyczne,
Warszawa, 2006.

Liu R, Sharom FJ: Site-directed fluorescence labeling of
P-glycoprotein on cysteine residues in the nucleotide
binding domains. Biochemistry, 1996, 35, 11865-11873.
Liu R, Siemiarczuk A, Sharom FJ: Intrinsic fluorescence
of the P-glycoprotein multidrug transporter sensitivity of
tryptophan residues to binding of drugs and nucleotides.
Biochemistry, 2000, 39, 14927-14938.

Michalak K, Hendrich AB, Wesotowska O, Pota A:
Compounds that modulate multidrug resistance in cancer
cells. Cell Biol Mol Lett, 2001, 6, 362-368.

Michalak K, Hendrich AB, Wesotowska O, Pola A,
Lania-Pietrzak B, Motohashi N, Shirataki Y, Molnar J:
Lipid membrane perturbation caused by some isofla-
vones and phenothiazines, and the activity of these com-
pounds as inhibitors of multidrug resistance. Cell Mol
Biol Lett, 2002, 7, 2, 293.

Morak-Mtodawska B, Jelen M, Pluta K: New derivatives
of phenothiazines with anticancer activities (Polish). Pol
Merk Lek, 2009, 159, 671-675.

Pharmacological Reports, 2012, 64, 16-23

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Motohashi N, Kawase M, Satoh K, Sakagami H: Cyto-
toxic potential of phenothiazine. Curr Drug Targets,
2006, 7, 1055-1066.

Mozrzymas JW, Barberis A, Michalak K, Cherubini E:
Chlorpromazine inhibits miniature GABAergic currents by
reducing the binding and by increasing the unbinding rate
of GABAA receptors. J Neurosci, 1999, 19, 2474-2488.
Pajeva IK, Wiese M: QSAR and molecular modeling of
catamphilic drugs able to modulate multidrug resistance
in tumors. Quant Struct-Act Relat, 1997, 16, 1-10.
Pajeva IK, Wiese M, Cordes HP, Seydel JK: Membrane
interactions of some catamphilic drugs and relation to
their multidrug-resistance-reversing ability. J Cancer Res
Clin Oncol, 1996, 122, 27-40.

Peroutka SJ, Snyder SH: Relationship of neuroleptic
drug effects at brain dopamine, serotonin, alpha-
adrenergic and histamine receptors to clinical potency.
Am J Psychiatry, 1980, 137, 1518-1522.

Pluta K, Jelen M, Morak-Mtodawska B, Zimecki M,
Artym J, Kocigba M: Anticancer activity of newly syn-
thesized azaphenothiazines from NCI’s anticancer
screening bank. Pharmacol Rep, 2010, 62, 319-332.
Ramu A, Ramu N: Reversal of multidrug resistance by
phenothiazines and structurally related compounds.
Cancer Chemother Pharmacol, 1992, 30, 165-173.
Sakai TT, Krishna NR: Synthesis and properties of some
novel anti-calmodulin drugs. Bioorg Med Chem, 1999,
7, 1559-1565.

Schleuning M, Brumme V, Wilmanns W: Growth inhibi-
tion of human leukemic cell lines by the phenothiazine de-
rivate fluphenazine. Anticancer Res, 1993, 13, 599-602.
Schotte A, Janssen PF, Gommeren W, Luyten WH, Van
Gompel P, Lesage AS, De Loore K, Leysen JE: Risperi-
done compared with new and reference antipsychotic
drugs: In vitro and in vivo receptor binding. Psychophar-
macology, 1996, 124, 57-73.

Seelig A: A general pattern for substrate recognition by
P-glycoprotein. Eur J Biochem, 1998, 251, 252-261.
Seelig A: How does P-glycoprotein recognize its sub-
strates? J Clin Pharmacol Ther, 1998, 36, 50-54.

Seelig A, Blatter LX, Wohnsland F: Substrate recogni-
tion by P-glycoprotein and by the multidrug resistance-
associated protein MRP1: a comparison. Int J Clin Phar-
macol Ther, 2000, 38, 111-121.

Seelig A, Gottschlich R, Devant RM: A method to deter-
mine the ability of drugs to diffuse through the blood-
brain barrier. Proc Natl Acad Sci USA, 1994, 91, 68-72.
Seelig A, Landwojtowicz E: Structure-activity relation-
ship of P-glycoprotein substrates and modifiers. Eur

J Pharm Sci, 2000, 12, 31-40.

Singh A, Singh S: A cell-based drug efflux assay for
analysis of multidrug resistance in cancer patients. Am
J Biomed Sci, 2010, 2, 178-183.

Snyder SH, Banerjee SP, Yamamura SP, Greenberg D:
Drugs, neurotransmitters, and schizophrenia. Science,
1974, 184, 1243-1253.

Szwed J, Cieslik-Boczula K, Czarnik-Matusewicz B,
Jaszezyszyn A, Gasiorowski K, Swiqtek P, Malinka W:
Moving-window 2D correlation spectroscopy in studies
of fluphenazine-DPPC dehydrated film as a function of
temperature. ] Mol Struct, 2010, 974, 192-202.



Biological activity of phenothiazines
Agata Jaszczyszyn et al.

46.

47.

48.

49.

50.

Taheri M, Mahjoubi F, Omranipour R: Effect of MDR1
polymorphism on multidrug resistance expression in
breast cancer patients. Genet Mol Res, 2010, 9, 34-40.
Tan B, Piwnica-Worms D, Ratner L: Multidrug resis-
tance transporters and modulation. Curr Opin Oncol,
2000, 12, 450-458.

Teodori E, Dei S, Scapecchi S, Gualtieri F: The medici-
nal chemistry of multidrug resistance (MDR) reversing
drugs. Farmaco, 2002, 57, 385-415.

Ueda K, Okamura N, Hirai M, Tanigawara Y, Saeki T,
Kioka N, Komano T, Hori R: Human P-glycoprotein
transports cortisol, aldosterone, and dexamethasone, but

not progesterone. J Biol Chem, 1992, 267, 24248-24252.

Weiss B, Prozialeck WC, Wallace TL: Interaction of
drugs with calmodulin. Biochemical, pharmacological

51.

52.

53.

and clinical implications. Biochem Pharmacol, 1982, 31,
2217-2226.

Wilson JM, Sanyal S, Van Tol HHM: Dopamine D> and
D4 receptor ligands: relation to antipsychotic action. Eur
J Pharmacol, 1998, 351, 273-286.

Zamora JM, Pearce HL, Beck WT: Physical-chemical
properties shared by compounds that modulate multidrug
resistance in human leukemic cells. Mol Pharmacol,
1988, 33, 454-462.

Zorumski CF, Yang J: Non-competitive inhibition of
GABA currents by phenothiazines in cultured chick spi-
nal cord and rat hippocampal neurons. Neurosci Lett,
1988, 92, 86-91.

Received: April 18, 2011; accepted: September 5, 2011.

Pharmacological Reports, 2012, 64, 16-23 23



	1	Review Œ Neuronal autophagy in cerebral ischemia 
Œ a potential target for neuroprotective strategies?
	Bo¿ena Gabryel, Alicja Kost, Daniela Kasprowska

	16	Review Œ Chemical structure of phenothiazines and their biological activity.
	Agata Jaszczyszyn, Kazimierz G¹siorowski, Piotr „wi¹tek, Wies³aw Malinka, Katarzyna Cieœlik-Boczula, Joanna Petrus, Bogus³awa Czarnik-Matusewicz

	24	Review Œ What™s the role of topiramate in the management of patients with hyperkinetic movement disorders?
	Antonio Siniscalchi, Luca Gallelli, Chiara Giofrè, Giovambattista De Sarro

	31	Review Œ Animal models of acute renal failure.
	Amrit Pal Singh, Arunachalam Muthuraman, Amteshwar Singh Jaggi, Nirmal Singh, Kuldeep Grover, Ravi Dhawan

	45	Anxiogenic effect of CCK8s in the ventral hippocampus of rats: possible involvement 
of GABAA receptors.
	Akbar Hajizadeh Moghaddam, Robabeh Sadat Hosseini, Ali Roohbakhsh

	54	Anxiolytic-like effect of losartan injected into amygdala of the acutely stressed rats.
	Luis H. Llano López, Fernando Caif, Sebastián García, Miriam Fraile, Adriana  I. Landa, Gustavo Baiardi, José V. Lafuente, Jan J. Braszko, Claudia Bregonzio, Pascual A. Gargiulo

	64	Sub-chronic exposure to noise affects locomotor activity and produces anxiogenic and depressive like behavior in rats.
	Fizza Naqvi, Saida Haider, Zehra Batool, Tahira Perveen, Darakhshan J. Haleem

	70	Repeated administration of caffeine induces either sensitization or tolerance of locomotor stimulation depending on the environmental context.
	Roberta Zancheta, Ana P.M. Possi, Cleopatra S. Planeta, 
Marcelo T. Marin

	78	Chronic ethanol tolerance as a result of free-choice drinking in alcohol-preferring rats of the WHP line.
	Wanda Dyr, Ewa Taracha

	84	Analgesia and serum assays of controlled-release dihydrocodeine and metabolites in cancer patients with pain.
	Wojciech Leppert, Przemys³aw Miko³ajczak, Ewa Kamiñska, Micha³ Szulc

	94	Central effect of crocin on penicillin-induced epileptiform activity in rats.
	Esmaeal Tamaddonfard, Nasrin Hamzeh Gooshchi, Sona Seiednejad-Yamchi

	102	Analgesic and anticonvulsant activity of new derivatives of 2-substituted 4-hydroxybutanamides in mice.
	Kinga Sa³at, Katarzyna Kulig, Robert Sa³at, Barbara Filipek, Barbara Malawska

	113	Pharmacokinetics and pharmacodynamics of propofol in patients undergoing abdominal aortic surgery.
	Pawe³ Wiczling, Agnieszka Bienert, Pawe³ Sobczyñski, Roma Hartmann-Sobczyñska, Krzysztof Bieda, Aleksandra Marcinkowska, Maria Malatyñska, Roman Kaliszan, Edmund Grzeœkowiak

	123	Influence of 825 C>T polymorphism of G protein b3 subunit gene (GNB3) on hemodynamic response during dobutamine stress echocardiography.
	
Anna Banaœ, Edyta P³oñska, Barbara Larysz, Mateusz Kurzawski, Marek Dro�dzik

	129	Fructose-fed streptozotocin-injected rat: an alternative model for type 2 diabetes.
	Rachel D. Wilson, Md. Shahidul Islam

	140	Exendin-4 reduces glycemia by increasing liver glucokinase activity: an insulin independent effect.
	Nirav Dhanesha, Amit Joharapurkar, Gaurang Shah, Vipin Dhote, Samadhan Kshirsagar, Rajesh Bahekar, Mukul Jain

	150	Modulatory effect of insulin on T cell receptor mediated calcium signaling is blunted in long lasting type 1 diabetes mellitus.
	Urszula Demkow, Pawe³ Winklewski, Olga Ciepiela, Katarzyna Popko, Anna Lipiñska, Anna Kucharska, Beata Michalska, Maria W¹sik

	157	Effects of valproic acid and levetiracetam on viability and cell cycle regulatory genes expression in the OVCAR-3 cell line.
	Patrycja Kwieciñska, Erik Taubøll, Ewa £. Gregoraszczuk

	166	Hematological effects of exposure to mixtures 
of selected ethylene glycol alkyl ethers in rats.
	Beata Starek-„wiechowicz, Katarzyna Miranowicz- Dzier¿awska, Wies³aw Szymczak, Bogus³awa Budziszewska, Andrzej Starek

	179	Modulation of Th1/Th2 cytokine production by selective and nonselective phosphodiesterase inhibitors administered to mice.
	Marianna Szczypka, Sebastian Ploch, Bo¿ena Obmiñska-Mrukowicz

	185	Effect of ESR1 and ESR2 gene polymorphisms on rheumatoid arthritis treatment with methotrexate.
	Andrzej Pawlik, Violetta Dziedziejko, Mateusz Kurzawski, Krzysztof Safranow, Daniel Kotrych, Andrzej Bohatyrewicz

	191	Protective effects of histamine H3-receptor ligands in schizophrenic behaviors in experimental 
models.
	Danish Mahmood, Razia Khanam, Krishna Kolappa Pillai, Mohd Akhtar

	SHORT COMMUNICATIONS
	205	Influence of the phosphodiesterase type 5 inhibitor, sildenafil, on antidepressant-like activity of magnesium in the forced swim test in mice.
	Katarzyna Soca³a, Dorota Nieoczym, Ewa Poleszak, Piotr Wla�


	212	Influence of atorvastatin on serum amyloid A-low density lipoprotein complex in hypercholesterolemic patients.
	Kazuhiko Kotani, Toshiyuki Yamada, Michiaki Miyamoto, Shun Ishibashi, Nobuyuki Taniguchi, Alejandro Gugliucci

	217	New conjugates of muramyl dipeptide and nor-muramyl dipeptide linked to tuftsin and retro-tuftsin derivatives significantly influence their biological activity.
	Krystyna Dzierzbicka, Anna Wardowska, Ma³gorzata Rogalska, Piotr Trzonkowski
	246	Note to Contributors


	content
	cont
	contents_3'2005
	contents
	abstract
	indeks

