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ABSTRACT

The interpretation of the UV spectra of six N4-
substituted aralkylpiperazines was based on ZINDO/S
calculations performed on PM3 geometries. The
calculated UV spectra correspond to the experimentally
observed. Molecular orbital coefficients analysis suggest
that electronic transitions are assigned to m—m* type.
The negative values of HOMO and LUMO energies
show that tested compounds have the properties of
reductors, which is consistent with the previously proven
antioxidant activity. A detailed cytotoxicity screening
was performed in a panel of tumor cell lines after 72 h
exposure using the MTT-dye reduction assay and the
ICs, values were calculated. The obtained results firmly
indicate that the presented arylpiperazine derivatives
exhibit antiproliferative effects in a panel of human
tumor cell lines.
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INTRODUCTION

Piperazine nucleus is one of the most important heterocycles exhibiting remarkable
pharmacological activities. Even slight change in substitution pattern in piperazine nucleus,
including the introduction of arylalkyl substituent causes distinguishable difference in their
pharmacological activities such as antipsychotic, anticonvulsant, antiarrhythmic, antimicrobial,

antimalarial, cytotoxic, anxiolytic, antidepressant, procognitive and antioxidant effects [1-4].

The general chemical structure of these compounds contain aralkylpiperazine as a core fragment
and an alkyl chain with two to four methylene units, attached to the N4 atom of the piperazine
moiety, and ending with a terminal amide or an imide fragment. In the recent years, there has
been a great interest in developing aralkylpiperazines containing a methylxanthine moiety as a
terminal fragment. This is due to the various biological activities and well-known clinical use of
methylxanthines as bronchodilators, psychostimulants, diuretics, vasodilators, antiviral and
antitumor agents. Furthermore some methylxanthines modulate the cytotoxicity of conventional

antitumor drugs [5-8].

Studying of the electronic structure of compounds by UV spectral and quantum chemical
methods is important, not only for interpretation of the spectra, but also to estimate of direction
of the electronic density’s redistribution of the compounds, which is a determining factor of their
reactivity and biological activity. Spectroscopic techniques when combined with quantum
chemical calculations are emerging as one of the most powerful tools to study the dynamical
behavior and to gain an insight into the electronic and molecular structures of natural products at

microscopic level [9, 10].

In the current study, the electronic structure of some aryl/aralkyl substituted piperazine
derivatives, containing methylxanthine moiety with antioxidant activity was studied, using UV

spectra and quantum chemical calculations. Their antiproliferative effects were also evaluated.

MATERIALS AND METHODS

The UV spectra were recorded in ethanol solution using 1 cm quartz cells on a Hewlet Packard
8452A Diode Array Spectrophotometer equipped with an HP Vectra 386/25 computer at

concentration 10 °mol.L .
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Computational details

The MO calculations have been performed using the Hyper Chem 7.50 software [11]. For
ZINDOJ/S (Zerner’s Inter-mediates Neglect of Differential Overlap/Spectroscopy) calculations of
the singlet electronic transitions, configuration interaction between six occupied and unoccupied
MO’s have been selected (CI matrix included 77 to 91 singly excited configurations). The
ground state geometry was optimized by PM3/RHF method (RHF stands for Restricted Hartree—
Fock) [15]. A root-mean-square (RMS) gradient in the energy of 0.005 kcal.A.mol ™ was used as
a criterion for choosing an optimized conformation along with the Polak—Ribiere conjugate
gradient algorithm [11, 16]. For calculation of one-electron two-center resonance integrals, the
overlap weighting factors are used as follows: f; = 1.267 and f, = 0.585. The UV—Vis spectra
were calculated with the SWizard program, revision 5.0 [17, 18]. The absorption profiles were
calculated using pseudo—Voigt model, which is convolution of both the Gaussian and Lorentzian
functions (with weights W and 1-W respectively):
11 (w—wyp)
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Where molar absorptivity () is given in dimension mol™.L.cm™, energies (wi) and
half-bandwidths (A1/2,1) are expressed in cm™. The sums in the equation also include all allowed

electronic transitions and oscillator strengths (f|). The average half-bandwidth (A1/2;) for all
bands were taken to be equal to 3000 cm™* as a good approximation for all of studied electronic
transitions [17]. All computations were carried out on a PC with Intel Pentium dual—core CPU
E6500 at 2.93 GHz and 4 GB RAM under Widows 7 operating systems.

Drugs, chemicals and reagents

Formic acid, 2-propanol, and L-glutamine were purchased from AppliChem GmbH, (Darmstadt,
Germany). Fetal calf serum (FCS) and RPMI-1640 medium were purchased from Sigma—Aldrich
GmbH (Steinheim, Germany). The cell culture flasks and the flat-bottomed multi-well plates
were obtained from Nunc A/S (Kamstrupvej, Denmark). The tetrazolium salt 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) was supplied from Merck
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(Darmstadt, Germany). The referent antineoplastic drug cisplatin was used as a commercially
available pharmaceutical grade substance.

Cell lines and culture conditions

The human tumor cell lines, used in this study namely SKW-3, human T-cell chronic
lymphocytic leukemia, originally described to be established from the peripheral blood of a 61-
years old man with T-cell chronic lymphocytic leukemia (CLL) in 1977; however, DNA
fingerprinting and cytogenetic analysis showed cross contamination with cell line KE-37; KE-37
was established from a 27 years old man with acute lymphoblastic leukemia (ALL) in 1979; HL
60 human acute myeloid leukemia (AML), established from the peripheral blood of a 35 years
old woman with acute myeloid leukemia (AML FAB M2) in 1976; cells are apparently tetraploid
derivates of the hypodiploid original; REH-human B-cell precursor leukemia established from
the peripheral blood of a 15 years old North African girl with acute lymphoblastic leukemia
(ALL at first relapse) in 1973; carries t (12;21) leading to ETV6-RUNX1 (TEL-AML1) fusion
gene. The cell lines were obtained from the German Collection of Microorganisms and Cell
Cultures (DSMZ GmbH, Braunschweig, Germany).They were maintained as suspension type
cultures in a controlled environment-RPMI-1640 medium, supplemented with 10% heat-
inactivated fetal calf serum and 2 mM L-glutamine, at 37 °C in a ‘Heracus’ incubator with 5%
CO; humidified atmosphere. In order to maintain the cells in log phase cellular suspension

aliquots were refed with fresh RPMI-1640 medium two or three times per week.

The stock solution of the referent antineoplastic agent cisplatin was prepared using the
commercially available sterile dosage forms for clinical application, while the tested
arylpiperazines were dissolved in DMSO. The stock solutions were consequently diluted with
RPMI-1640 medium to yield the desired final concentrations (in case of DMSO stocks at the

final dilutions obtained, the concentration of the solvent never exceeded (0.5%).

All of the procedures concerning the cell culture maintenance, drug dissolution and treatment

were carried out in a ‘Heraeus’ Laminar flow cabinet.

Cytotoxicity assessment (MTT-dye reduction assay)
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The cellular viability was assessed using the MTT-dye reduction assay as described by Mosmann
with slight modifications [19, 20]. The assay is based on the reduction of the yellow tetrazolium
dye MTT to a violet formazan product via the mitochondrial succinate dehydrogenase in viable
cells. In brief, exponentially growing cells were seeded in 96 well flat bottomed microplates (100
ul/well) at a density of 1x105 cells per ml and after 24 h incubation at 37°C they were exposed
to graded concentrations of the tested compounds for 72 h. For each concentration a set of at
least 8 wells were used. After the exposure period 10 ul MTT solution (10 mg/ml in PBS)
aliquots were added to each well. Thereafter the microplates were incubated for 4 h at 37°C and
the MTT-formazan crystals formed were dissolved through addition of 100 pl/well 5 % formic
acid solution in 2-propanol. The MTT-formazan absorption was determined using a

microprocessor controlled microplate reader (Labexim LMR-1) at 580 nm.

Bioassay data processing and statistics

The cell survival data were normalized as percentage of the untreated control (set as 100 %
viability), were fitted to sigmoidal dose response curves and the corresponding ICso values
(concentrations causing 50 % suppression of cellular viability) were calculated using non-linear
regression analysis (Graphpad Prizm Software for PC). The statistical processing of biological
data included the Student’s t-test whereby values of p < 0.05 were considered as statistically

significant.

RESULTS AND DISCUSSION

The synthesis and structural evaluation of compounds 1-6 (Fig. 1) was discussed in our previous
publication [21]. In addition, this paper presents the experimental and theoretical studies of the
electronic absorption spectra of the previously obtained piperazine derivatives with antioxidant

activity.

Some quantum chemical parameters such as total energy (TE); binding energy (BE); heat of
formation (HF), dipole moments (u), energy of highest occupied molecular orbital (HOMO),
energy of lowest unoccupied molecular orbital (LUMO) as well as HOMO/LUMO gap of
theobromine (Th) and compounds 1-6 were calculated using PM3 method, in order to evaluate
their chemical properties and possibilities to interact with biological macromolecules (receptors,
enzymes) and the corresponding results are presented in Table 1.
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Table 1. Quantum chemical p ar a melcubatecdsusigf Tb an
PM3/RHF method

Tb 1 2 3 4 5 6
TE [eV] | —2189.299 _44820 96 _4935'86 —4774.852 | —4923.744 | —4923.740 | —5252.741
BE [eV] | —96.926 | —254.636 | —254.999 | —259.178 | —270.692 | —270.688 | —306.728
HF [eV] —2.209 —1.187 =3.77 -3.147 —2.732 —2.727 0.221
e [D]
X —3.240 3.760 4.059 4.836 -3.717 3.313 3.678
y 2.934 —0.538 0.624 —0.143 —1.957 —1.223 —1.042
z 0.000 —0.306 —1.471 —0.305 0.282 0.031 —0.510
Total 4.371 3.811 4.362 4.848 4.210 3.531 3.856
En [eV] —8.845 —8.302 —8.392 —8.024 —8.326 —8.137 —8.147
EL [eV] —0.584 —0.491 —0.514 —0.504 —0.503 —0.469 —0.494
EL[eV]] 7.901 7.811 7.878 7.520 7.823 7.668 7.653

TE —Total Energy; BE — Binding Energy; HF — Heat of Formation, p— Dipole moments,
Ex—Enomo, EL~ELumo, AEx— HOMO/LUMO gap

It is well known, that the HOMO/LUMO energy gap is an important stability index. Also the
high value of HOMO/LUMO gap of the tested compounds reflect the chemical stability of the
molecules. The results show that the calculated energy values of the studied compounds are
comparable and their stability is nearly the same. Compound 6 slightly deviates from this trend
but without exception. The observed HOMO/LUMO energy gap of 7.52—-7.90 eV (Table 1) is a
scale to assess their redox potential which is substantial for the metabolism of those compounds,
such as oxidative reactions in the presence of Cytochrome P450 enzymes. The frontier molecular
orbitals are important in determination of the ability of a molecule to absorb light and molecular
reactivity. The vicinal orbitals of HOMO and LUMO play role of an electron donor and an
electron acceptor respectively. Thus the lower negative HOMO energy and the negative values
of LUMO energies show that these compounds have the properties of reductors. These data are
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consistent with the proven antioxidant activity of compounds 1-6 [21]. This information may be
significant for drug metabolism, as the oxidation and the reduction are the main metabolic

pathways for many drug molecules.
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The biochemical reactivity of a drug is in a direct consequence of its electronic structure. The
most straight forward manifestation of the electronic structure of a molecule is its electronic
absorption spectrum. Thus, in order to clarify the influence of the electronic properties on the
expressed biological activity of the target compounds, their experimental and theoretically
calculated electronic spectra were defined. The results from the experimental electronic spectra
measured in ethanol solution along with the calculated electronic transitions with high oscillatory

strength are listed in Table 2.

Citation: Maya Georgieva et al. ljppr.Human, 2015; Vol. 2 (3): 44-59.



www.ijppr.humanjournals.com

Table 2. Comparison between the experimental and theoretical UV spectral data of Tb and

compounds 1-6

Individual | Energy of
Omax omax | excitation | electronic | Oscilator | Orbitals involved in
Compound | exp . . . a
calc[nm] states transition stregth | electronic trasitions
[nm]
[nm] [eV]
272 288 288.4 4.30 0.4380 | H-0- L+0 (+97%)
H-0- L+2 (+60%)
230 238 252.4 491 0.0639 H-0- L+1 (+26%)
H-5- L+0 (+40%)
205 212 237.7 5.22 0.0129 H-5- L+2 (+33%)
H-0- L+1 (+72%)
237.6 5.22 0.1564 H-0- L+2 (+24%)
223.1 5.56 0.0002 | H-0- L+3 (+96%)
T 212.4 5.84 0.3757 | H-2- L+0 (+80%)
H-5- L+0 (+29%)
205.6 6.03 0.0030 H-5- L+2 (+25%)
194.1 6.39 0.0062 | H-0- L+5 (+94%)
193.8 6.40 0.0729 | H-0- L+4 (+75%)
274 281 281.2 4.41 0.5830 | H-1- L+0 (100%)
210 243 271.8 4.56 0.0013 | H-5- L+0 (+81%)
H-0- L+3 (35%) H-
213 268.6 4.62 0.0044 2- L4 (+21%)
243.6 5.09 0.2551 | H-1- L+2 (+84%)
237.9 5.21 0.0352 | H-1- L+1 (83%)
217.8 5.69 0.0044 | H-1- L+5 (+100%)
213.3 5.81 0.0793 | H-0- L+4(61%)
1 206.6 6.00 0.0008 | H-0- L+0 (+67%)
194.5 6.37 0.0017 | H-5- L+1 (+96%)
193.0 6.42 0.1749 | H-3- L+4 (24%)
191.0 6.49 0.3046 | H-0- L+3(+47%)
272 281 281.3 4.41 0.5861 | H-1- L+0 (+99%)
H-0 - L+4 (+45%)
238 243 275.0 4.51 0.0103 H-3- L+3 (+30%)
208 220 271.4 4.57 0.0013 | H-5- L+0 (+81%)
243.6 5.09 0.2539 | H-1- L+2 (83%)
237.9 5.21 0.0349 | H-1- L+1 (+83%)
220.1 5.63 0.1563 | H-0- L+3 (+76%)
217.8 5.69 0.0044 | H-1- L+5 (+100%)
2 H-0- L+0 (+62%)
204.0 6.08 0.0010 H-2- L+0 (27%)
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196.4 6.31 0.0500 | H-2- L+3 (+48%)
H-0- L+4 (42%)
195.5 6.34 0.2067 | 5" | oa (+28%)
194.6 6.37 0.0015 | H-5- L+1 (96%)
276 281 281.4 4.41 05479 | H-1- L+0 (86%)
H-0- L+3 (+55%)
228 243 280.3 4.42 0.0642 | "2 | s (26%)
198 225 271.6 4.56 0.0013 | H-5- L+0 (+81%)
243.6 5.09 0.2547 | H-1- L+2 (+84%)
237.9 5.21 0.0355 | H-1- L+1 (+83%)
224.7 5.52 0.2210 | H-0- L+4(+87%)
217.8 5.69 0.0045 | H-1- L+5 (+100%)
209.4 5.92 0.0004 | H-0- L+0 (+75%)
H-2- L+0 (59%) H-
196.3 6.32 0.0008 | "% 0 s2u96)
194.5 6.37 0.0020 | H-5- L+1 (96%)
H-2- L+4 (+31%)
193.5 6.41 0.2525 | H-2- L+3 (+23%)
H-0- L+3 (+22%)
H-2- L+4 (+36%)
192.3 6.45 0.1569 | |5 |43 (+26%)
272 283 283.5 4.37 04721 | H-1- L+0 (+93%)
H-0- L+3(59%) H-
240 243 278.2 4.46 0.0689 | 5"\ 4 (+32%)
208 222 271.2 4.57 0.0065 | H-5- L+0 (+81%)
244.1 5.08 0.2187 | H-1- L+2 (86%)
239.6 5.17 0.0345 | H-1- L+1 (89%)
230.0 5.39 0.0004 |H-0- L+0 (+93%)
221.9 5.59 02159 | H-0- L+4 (81%)
217.4 5.70 0.0085 | H-1- L+5 (95%)
H-2- L+0 (53%) H-
201.7 6.15 0.0055 | 5™ 0 a3
H-3- L+0 (+52%)
200.0 6.20 0.0057 | 57 | v0 (44%)
192.7 6.43 0.0072 | H-5- L+1 (+94%)
274 281 281.1 4.41 05821 |H-1- L+0 (100%)
240 243 277.3 4.47 0.0078 | H-0- L+3 (45%)
210 222 272.0 4.56 0.0013 | H-5- L+0 (+81%)
243.6 5.09 0.2530 | H-1- L+2 (+84%)
237.9 5.21 0.0361 | H-1- L+1 (+84%)
222.4 5.57 0.0676 | H-0- L+4 (61%)
217.7 5.70 0.0047 | H-1- L+5 (100%)
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H-0- L+0 (+55%)
208.8 5.94 0.0006 | " 1g (+24%)
H-2- L+4 (+38%)
201.0 6.17 04342 | [0 i3 (+36%)
H-2- L+3 (+41%)
196.2 6.32 04115 | o7 T (20%)
H-0- L+0 (+44%)
195.2 6.35 0.0006 | .7 1o (37%)
194.4 6.38 0.0015 | H-5- L+1 (+96%)
272 281 281.0 441 0.5865 H-1- L+0 (100%)
208 244 247.1 5.02 0.0708 | H-1- L+2(82%)
216 244.3 5.08 0.1040 H-0 - L+5 (+46%)
2437 5.09 0.2667 | H-1- L+2 (+85%)
237.7 5.22 0.0363 | H-1- L+1 (+85%)
216.6 5.72 0.1889 | H-0- L+3 (+77%)
H-0- L+0 (+59%)
203.6 6.09 00001 | 0" 1o (33%)
201.9 6.14 0.0306 H-2- L+3 (34%)
6 H-3- L+3 (+28%)
194.3 6.38 04048 | o7 T (+25%)
H-2- L+0 (+45%)
194.2 6.38 0.0003 H-0- L+0 (+39%)
192.0 6.46 0.8763 | H-2- L+3 (+29%)

®Only the major singlet excitations are reported. Their percentage contributions to wave
functions of excited states are given in parenthesis.

In addition the contribution of the individual absorption bands to the corresponding excitation
state for each of the evaluated compounds was determined. The theoretical spectra of
theobromine (Tbh) and compounds 1-6 (upper line in black) together with the defined
contribution of the individual absorption bands of calculated electronic excitation states (in
color) are presented on Fig. 2.
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Fig. 2. Theoretical UV spectra of theobromine (Tbh) and compounds 1-6 (in black) together
with contribution of individual absorption bands of calculated electronic excitation states
(in color)
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On the obtained electronic spectra of the tested compounds, recorded at concentration 1.10°°
mol.L* is visible that they exhibit in general three characteristic absorption bands at 272 — 276
nm, at 198 — 208 nm and at 228 — 240 nm. We observed, that the last band lacks in the spectra of
1 and 6. At the same conditions, Tb shows absorption peaks at 272 nm and slight rise in
absorbance at about 230 nm. The general absorption band corresponds to "x"—band of the simple
purines, while the absorption at about 230 nm can be attributed to "y"—band of the simple

purines [22].

The interpretation of the spectra was based on ZINDO/S calculations performed on PM3
geometries and SWizard calculations and show that the investigated compounds have three
theoretical absorption bands at 281-288 nm, at 243—244 nm and at 213-225 nm (Fig. 2). As can
be seen from the theoretical spectrum of Tb the peak at 288 nm with corresponding excitation
energy of 4.30 eV and oscillator strength 0.4380 is due to the electronic transition from HOMO
to LUMO orbitals (H-0— L+0). In the spectra of other compounds the HOMO orbital belongs
to the aromatic system and this transition is mainly due to the H-1 — L+0 transition, which is
identical with H-0 — L+0 transition in Tb and values of excitation energy and oscillator strength
are almost identical to those of Th (Table 2). The absorption at 238 nm in the theoretical
spectrum of Tb is mainly due to transitions H-0 — L+1, H-0 — L+2. Transitions H-5 — L+0
and H-5 — L+2 also have some contribution to this absorption band. In the spectra of
compounds 1-6, this absorption band is due to H—1 — L+2 (5.09 ¢V) and H-1 — L+1 (5.21 V)
transitions, which belong to orbitals from the xanthine ring. The third absorption peak in the
theoretical spectrum of Tb at 212 nm is due to H-2 — L+0 transition (5.84 e¢V). In the spectra of
the rest of the investigated compounds, this peak is observed at 216-225 nm and corresponds to
the H-0 — L+4 transition (for 2 and 6 H-0 — L+3 transition) and has excitation energy 5.52 —
5.81eV.

The performed molecular orbital coefficients analysis and obtained molecular orbital plots for
the targeted structures indicate that molecular orbitals involved in transitions are mainly
composed of p—atomic orbitals, therefore the absorptions correspond to m=—n* type of electronic
transitions. It can be said that the type of the electronic absorption spectra of the tested

compounds are due to electronic transitions mainly in xanthine fragment of the structures. The
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differences between theoretical and experimental UV spectra are probably due to vibration

effects and H-bonding with the solvent molecules.

Cytotoxic/antiproliferative effects of the investigated newly synthesized arylpiperazines

The antiproliferative/cytotoxic effects of the tested series of arylpiperazines were evaluated using
the standard MTT-dye reduction assay after 72 hours of exposure on human tumor cell lines
SKW-3 (T-cell chronic lymphocytic leukemia), HL-60 (acute myeloid leukemia), REH (B-cell
precursor leukemia). Clinically applied cytostatic drug cisplatin was used as a positive control.
The obtained experimental data were fitted to concentration—effect sigmoid curves and the
corresponding ICsp (the concentration leading to 50% reduction of the cellular viability) values
were calculated, using a non-linear regression analysis. The calculated inhibitory concentrations

are summarized in Table 3.

Table 3.MTT-bioassay data for the tested arylpiperazines against a panel of human tumor

cell lines.
Compound o™
HL-60 SKW-3 REH
1 > 400,0 391,1° 24,9 264,1° 19,9
2 308,8° 21,1 155,5° 10,1 260,3 ° 22,8
3 381,7° 17,9 329,3° 144 393,1° 30,1
4 331,1° 14,2 209,7 ©° 19,7 2474 ° 224
5 > 400,0 382,5° 17,8 298,9 ° 26,7
6 33,7° 54 332° 26 40,67 ° 5,2
Cisplatin 8,1°0,9 119° 2,3 236° 4,1

The tested compounds demonstrated concentration dependent antiproliferative activity (Fig 3.).
The highest cytotoxic effect was observed for compound 6 and it is comparable with the referent
drug cisplatin. The rest of the compounds showed significantly lower activity. The cytotoxicity

was encountered at concentrations exceeding 100 uM.
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Fig. 3. Antiproliferative activity of the referent cytostatic drug cis-DDP and the
investigated compounds 1-6 on the human tumor cell lines after 72 h of incubation (n=8;

[ U vassay).
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CONCLUSION

The determined negative values of HOMO and LUMO energies show that the tested compounds
have the properties of reductors, which is consistent with the previously proven antioxidant
activity. Based on the obtained theoretical data, it may be concluded that the type of the
electronic absorption spectra of the tested compounds is due to electronic transitions mainly in
the xanthine fragment of the structure, whereas the corresponding molecular orbital coefficients
analysis suggest that these electronic transitions are assigned to n—n* type. The observed
differences between the theoretical and the experimental UV spectra are probably due to

vibration effects and H-bonding of the evaluated structures with the solvent molecules.

A detailed cytotoxicity screening was performed in a panel of tumor cell lines after 72 h
exposure using the MTT-dye reduction assay and the 1Csy values were calculated. The obtained
results firmly indicate that the presented arylpiperazine derivatives exhibit antiproliferative
effects in a panel of human tumor cell lines. Compound 6 demonstrated the highest cytotoxic
activity, comparable with the referent drug cisplatin. The proven cytotoxic activity of the series
supported the well-established antineoplastic potential of arylpiperazine derivatives with
xanthine moiety at N4. This study has shown that the presented compounds exert antiproliferative
potential and the combination of arylpiperazine and xanthine moiety is suitable and should be

taken into consideration in further design of structures with potential antineoplastic properties.
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