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In this paper the syntheses of new pyridoxal thiosemicarbazone copper(Il) and cobalt(III)
complexes with nitroprusside as a counterion and tests on the antileukemic activity of three of
these complexes toward human cell lines U937 and CEM are reported. Nitroprusside was chosen
in order to test if its ability to release NO can increase the biological activity already shown by
these complexes. The compounds were characterized by spectroscopic and magnetic methods

and by single-crystal X-ray diffraction.

Introduction

Thiosemicarbazones are a class of compounds very
promising in the treatment of many diseases, cancer in
particular, and its development is still in progress.1—3
Many thiosemicarbazones, such as marboran or tri-
apine, are already used in medical practice. These
compounds are thought to act as iron chelators, and
their mechanism of action is explained as due to their
ability to sequester iron from ribonucleotide reductase
(RR). The inhibition of RR prevents the production of
deoxyribonucleotides, and, as a consequence, these
compounds interfere with DNA synthesis.* There are,
however, a few aspects that are not explained by this
model. First of all, metal complexes show an activity
that, if compared with that of the corresponding ligands,
is of the same order of magnitude and often larger.
Second, if RR were the only target, an accumulation of
cells in phase S would be observed because of the
impossibility for the cell to complete DNA synthesis and
cross the damage checkpoint. In contrast from the cell
cycle analysis an accumulation in phase G2/M and a
depletion of cells in phase S are often noticed. All this
does not fit with the hypothesis of a simple ribonucleo-
tide reductase inhibition by iron chelation. Other mech-
anisms can be envisaged, observing that many of these
compounds induce apoptosis in leukemia cell lines.
Therefore, as concerns the biological activity of these
compounds and the way they interfere with the cell
cycle, the mechanisms that lie behind the proliferation
inhibition and the induction of apoptosis are still unclear
and deserve more studies.
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All this notwithstanding, the research and the study
of thiosemicarbazone complexes as potential metal-
based drugs is in development,® and, in particular,
thiosemicarbazones bearing an aromatic heterocyclic
moiety seem to present an implemented biological
activity.5~1* Among them, pyridoxal thiosemicarbazones
have aroused particular interest. Continuing our re-
search on the biological properties of pyridoxal thi-
osemicarbazone (HsL) derivatives, we have synthesized
new copper(Il) and cobalt(III) complexes with nitroprus-
side as a counterion, and subsequently we have inves-
tigated the chemical and biological differences from the
parent compounds having chlorides as counterions.!3:15
Nitroprusside has been chosen because it is already in
use in medical practice to treat many different diseases
thanks to the role of the nitric oxide released,'6718 and
in particular because of its regulatory and inductive role
in apoptosis.l”18 In the present work we report the
synthesis, the chemical, spectroscopic, and magnetic
characterization, X-ray structures, and antileukemic
activity tests toward human cell lines U937 and CEM
of two copper(Il) complexes and one cobalt(IIT) complex
with pyridoxal thiosemicarbazone and nitroprusside:
{[Cu(Ho LI [Fe(CN)5(NO)}*2nH20 4, { [Cu(HL)]2[Fe(CN)5-
(NO)I},,+6nH30 5, and [Co(HL)s]2[Fe(CN)5(NO)]-8H20 6.

Results and Discussion

Description of the Molecular Structures. The
crystal structure of the monomer of complex { [Cu(HzL)]-
[Fe(CN)5(NO)J},.-2nH20 4 is reported in Figure 1.

The copper atom presents a square pyramidal coor-
dination geometry with the three donor atoms (SNO)
of the neutral ligand HzL, a nitrogen atom of a C=N
group in the basal plane, while the axial position is
occupied by an hydroxyl oxygen of a pyridoxal moiety
in the 3/2 — x, —1/2 + y, 1/2 — z position that joins the
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Figure 1. Ball and stick drawing of {[Cu(HzL)][Fe(CN)s-
(NO)I}-2H0.
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Figure 2. Ball and stick drawing of {[Cu(HL)]z[Fe(CN)s-
(NO)T}.

complexes forming polymeric chains where each com-
plex is linked to the nitroprusside unit by a cyanide
bridge.

The Cu—01, Cu—N3, Cu—S1, and Cu—N5 coordina-
tion bond lengths in the basal plane and the axial Cu—
02 distance agree with the values found in copper
complexes with the same ligand and analogous coordi-
nation geometry.”!5 Average distances Fe—C and C=N
are 1.937 and 1.139 A, respectively, while those of Fe—N
and N—O are 1.647 and 1.133 A, respectively, in
agreement with those found in the literature.19:20

The molecular structure of complex {[Cu(HL)]z[Fe-
(CN)5(NO)J}»-6nH20O 5 (Figure 2) is characterized by
centrosymmetrical dimers of the copper complex.

The geometry of the copper atom is square pyramidal,
each unit is linked to the other by the alcoholic oxygen
of the pyridoxal in a 1 — x, 1 — y, z position that
corresponds to the apex of the coordination pyramid.
Dimers are joined by a nitroprusside anion bridge.

The iron atom lies on a symmetry center, and the
cyanide group acts as a bridging ligand between two
heterometallic units Cu(I)—Fe(III) giving rise to a
nearly linear sequence Cu—N5=C10—Fe with the Cu—
N5—C10 angle of 169.2(3)° and the Cu—N5 bond (1.980-
(3) A) in the equatorial plane. Because of the special
position occupied by the iron atom, the NO group is
difficult to localize. Among Fe—C distances, only Fe—
C11(1.835(4) A) is fairly shorter than the others whose
average value is 1.928 A; for that reason it can be
assumed that statistically the NO group occupancy
percentage is higher in the position of the C11-N6
group.

Differently from the two polymeric copper complexes
4 and 5, [Co(HL)s]2[Fe(CN)5(NO)]-8H20 6 crystal struc-
ture is formed by [Co(HL)2]™ octahedral cationic com-
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Figure 3. Ball and stick drawing of complex [Co(HL)z][Fe-
(CN)5(NO)]—.

plexes, [Fe(CN)sNO]2~ anions, and crystallization water
molecules. The crystal belongs to a centrosymmetric
space group (P-1) and is formed by the racemic mixture
of the two enantiomeric forms of the octahedral chiral
complex. In Figure 3 is reported the A enantiomer with
the nitroprusside anion. Also in this case the iron atom
lies on a symmetry center in special position and does
not allow the identification of NO among the other five
CN groups.

Both monodeprotonated ligands are in mer configu-
ration with sulfur and oxygen atoms in cis and nitrogen
atoms in trans position. The Co—S, Co—N, and Co—0O
coordination distances agree with the literature values
found for Co(III) complexes.!*

Electronic Properties. Polymeric complexes 4 and
5 were investigated also under a magnetic field by
means of EPR and magnetic susceptibility measure-
ments in order to deepen our understanding about the
electronic properties of the complexes.

The EPR spectra of powdered {[Cu(HyL)][Fe(CN)s-
(NO)I},+2nH20 4 and that of { [Cu(HL)]2[Fe(CN)s(NO)]} .-
6nH20 5 recorded at liquid helium temperature reveal
for both an axial anisotropy centered at a magnetic field
for which g =2. For 4 two observed transitions cor-
respond to g, = 2.21 and g = 2.05 and for 5 g, = 2.19
and gp = 2.06; the average value is consequently for both
g = 2.10 in agreement with a S =1/2 state.

The variation of magnetic susceptibility in function
of temperature shows for 4 a constant value of the
product Xy T from room to very low temperature (T' <
10 K) and then a small decrease below 10 K while 5
behaves in the same way but it decreases when T goes
below 50 K, revealing the presence of other interactions.
The experimental constant value of the effective mag-
netic moment in this large temperature range is uef® =
3.28 for 4 and ue® = 6.5 for 5. The two [Cu(HL)]
complexes in the dimeric unit { [Cu(HL)]l2[Fe(CN)5(NO)]}
of 5 behave as two independent complexes at high
temperature, while the interaction detectable below 50
K, as a decrease of the magnetic moment, suggests an
antiferromagnetic interaction between the two copper
centers.

Biological Test Results. Compounds 4 and 5 were
evaluated in vitro for their cytotoxicities, using periph-
eral blood mononuclear cells (PBMC) as a control,
against cell line U937 and CEM.

These two compounds showed no effect on PBMC also
at rather high concentrations. The ICsy of the com-
pounds presents values in the micromolar range, 10.8
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uM (4) and 7.5 uM (5) on cell line CEM and 9 uM (4)
and 6.5 uM (5) on cell line U937 without remarkable
differences but presenting a certain degree of selectivity.
An IC5¢ response and time-course effects in tumor cells
were tested by flow cytometry. Cell cycle analysis
showed that cells were arrested at the Go/M phase
following treatment with 4 and 5. This action was dose-
and time-dependent with a relative potency of the
compounds, 4 being more effective than 5§ on CEM and
U937 cell line. Over 30% of CEM and 20% of U937 cells
were arrested after 24 h incubation.

To examine the cell death response within the 24 h,
an apoptotic time-course was performed on treated and
untreated cell lines using Annexin-V assay. Significant
detection of early stages of apoptotic cells was detected
by a 6-h treatment of CEM cells with compound 4
(28.2%), and it was very evident after 12 h (57.1%). In
contrast, treatment of U937 with the same compound
induced a significant, but lesser, percentage of early
apoptotic cells after 12—24 h (25.6%). In addition, a
significant detection of late apoptotic cells was demon-
strated by a 24-h treatment of CEM (42.7%), but not of
U937 cells (12.8%). Concerning the action of compound
5 within the 24 h, a lower percentage of early apoptotic
and late apoptotic cells were found in treated CEM and
U937 cell line as compared to the 4-treated cell lines.
Taken together, these data suggest that compound 4
causes a more potent apoptotic response than compound
5 at the relative ICsy. This apoptotic response induced
by compound 4, conspicuous for CEM but not for U937
cells, could reflect a major compound susceptibility of
the lymphoblastoid with respect to monoblastoid lin-
eage.

In analogous cell lines, a direct relationship between
apoptosis induction and telomerase inhibition by thio-
semicarbazone compounds has been recently demon-
strated (ref 15 and refs therein). Therefore, a study on
telomerase activity was performed using compounds 4
and 5. For both complexes, a direct action on telomerase
can be excluded. In fact, in vitro experiments, performed
preincubating CEM or U937 extracts with different
concentration of 4 or 5, showed no influence by these
molecules on the enzymatic activity of telomerase (data
not shown).

Telomerase activity was then studied using whole cell
extracts, obtained from the treated cell lines used for
the IC5¢ experiments. At 48 h, 4- or 5-treated U937 cells
still possessed telomerase activity equivalent to that of
untreated cells, demonstrating that growth inhibition
and telomerase expression were not correlated. In
contrast, 4- or 5-treated CEM cells showed a strong
decrease of telomerase activity during the course of
drug-induced cell death. In fact, telomerase activity was
inversely correlated with the increase of PI-stained cells
from 12 to 24 h, whereas it did not decrease in the early
apoptotic stage characterized by Annexin-V-positive
cells. Therefore, the telomerase activity reflected the
number of cells reduced by treatment. Noteworthy is
that in a previous experiment!® concerning chloride
derivatives we observed an opposite behavior: in fact,
compound 2 induced apoptosis to a larger extent on cell
line U937 than CEM and telomerase was not inhibited
to a significant extent. At present, more work is in
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progress to understand the reasons that are at the basis
of this apparently contradictory behavior.

Conclusions

Nitroprusside showed high anionic affinity toward the
synthesized cationic copper complexes. In fact, notwith-
standing the experimental conditions, it substituted not
only the anionic but also the coordinated chlorine and
did not allow isolation of entities with two different
anions (Cl~ and nitroprusside) in the same unit.

From the biological viewpoint the two thiosemicar-
bazone copper complexes with 4 + 1 coordination
geometry were found to be very good in inhibiting
leukaemic cell proliferation of both CEM and U937 cell
line and in inducing apoptosis. On the contrary, the [Co-
(HL)2]2[Fe(CN)5(NO)]-8H20 6 complex showed no activ-
ity, confirming that an accessible coordination position
is fundamental for biological interactions. The study of
the cell cycle, in particular, revealed an increase of cells
in Go/M phase. In our study, nitroprusside seemed to
have no cooperative effect, probably because at the used
concentrations, the NO amount released was not enough
(taking into account also of the ubiquitous presence of
radical scavengers such as superoxide dismutase) to
induce apoptotic effects at least on U937 cells known
in the literature to be NO sensitive.l” To conclude, we
can say that the absolute potency of these compounds
against tumor cells is still low as compared to new
generation antiproliferative compounds, but these com-
pounds may constitute a basis for further attempts to
increase antitumor activity.

Experimental Section

Synthesis of the Ligands. H;L:: pyridoxal (3-hydroxy-5-
hydroxymethyl-2-methylpyridine-4-carbaldehyde) thiosemicar-
bazone was prepared as previously described.?!

Synthesis of the Complexes. [Cu(H:L)(OH3)CI|C1 1, [{ Cu-
(HL)(OHy)}2]Cl2-2H20 2, and [Co(HL)2|Cl-EtOH 3 were syn-
thesized as reported in refs 7, 13, and 14, respectively.

{[Cu(H:L)][Fe(CN)5(NO)1}.-2rnH20 4. The complex is
obtained by exchange of the two chloride ions in complex [Cu-
(H;L)(OH»)CIICI 1 with a nitroprusside anion owning the same
charge. Complex 1 (0.41 mmol) is dissolved by magnetic
stirring and gentle heating in 30 mL of water. To this green
solution is added an equimolar amount of Nag[Fe(CN)5(NO)]-
2H,0 dissolved in the minimum quantity of water. A dark
green-brown powder is quickly formed and separated by
filtration. By evaporation of the solvent, dark green crystals
suitable for X-ray analysis are isolated. In an attempt to
synthesize a complex from molecule 1 with only one chloride
ion, the same reaction was carried out but with a molar ratio
2:1 of complex 1 with respect to nitroprusside, but the only
product obtained was again complex 4.

{[Cu(HL)]2[Fe(CN)5(NO)1}.,-6rnH>0O 5. The complex is
obtained by exchange of the two chloride ions in complex [{ Cu-
(HL)(OHy)}2ICl2-2H20 2 with the nitroprusside anion owning
the same charge. Complex 2 (0.45 mmol) is dissolved by
magnetic stirring and gentle heating in 30 mL of water. To
this yellow-green solution is added an equimolar amount of
Nay[Fe(CN)5(NO)]-2H20 dissolved in 15 mL of water. A dark
green-brown powder is quickly formed and separated by
filtration. By evaporation of the solvent, brown crystals
suitable for X-ray analysis are separated.

[Co(HL):]2[Fe(CN)5(NO)]-8H20 6. The complex is ob-
tained by exchange of the chloride ion in complex 3 with the
nitroprusside anion. Complex [Co(HL)s]Cl-EtOH 3 (0.50 mmol)
is dissolved by magnetic stirring and gentle heating in 30 mL
of absolute EtOH. To this dark red solution is added an
amount of Nas[Fe(CN)5(NO)]-2H50 dissolved in 15 mL of the
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same solvent in a molar ratio 2:1 with respect to complex 3 in
order to balance the charge of the anion. The mixture is heated
at reflux temperature and stirred for 30 min. By slow evapora-
tion of the solvent, red-brown crystals suitable for X-ray
analysis are isolated.

Magnetic Measurements. The magnetic susceptibility of
polycrystalline powder samples of complexes 4 and 5 was
measured between 2 and 300 K at an applied magnetic field
of 1 T using a cryogenic S600 Squid magnetometer. Data were
corrected for the diamagnetism of the sample holder that was
determined separately in the same temperature range and
field, and the underlying diamagnetism of the samples was
estimated from Pascal’s constants.

X-Band EPR Spectra. EPR measurements were made
with a Bruker ESP-380 spectrometer, on powder samples at
liquid helium temperature.

Biological Data. Cell Culture. U937, a monoblastoid line,
and CEM, an acute lymphoblastic leukemia, were obtained
from American Type Culture Collection (ATCC, Rockville, MD)
and cultured in RPMI 1640 medium (Gibco BRL, Life Tech-
nologies Italia, Milano) supplemented with 10% (v/v) fetal
bovine serum (FBS) (Hyclone Europe, Cramlington, UK), 100
units/mL penicillin, 100 ug/mL streptomycin, and 2 mM
L-glutamine at 37 °C and in a humidified atmosphere contain-
ing 5% COs.

Viability and Proliferation Assays. Cell lines or PBMC
were plated at 1 x 10%mL and 2 x 105/mL, respectively, in
96-well plates in the presence of increasing concentrations of
compounds. ICs are evaluated after 24 and 48 h of culture by
ProCheck cell viability assay (Intergen Canada) and was
performed according to the manufacturer protocol. Cells in the
exponential phase of growth were seeded in duplicate in 30
mm tissue culture dishes. After seeding (24 h), exponentially
proliferating cells were treated with the compounds and the
cells were incubated for 48 h. The cell number was counted
after 24—48 h of incubation (continuous exposure assay) using
a hematocytometer by trypan blue staining.

Apoptotic Assay. For apoptosis determination the MBL
MEBCYTOR Apoptosis Kit Annexin-V Assay was used, this
can better identify cells in an earlier stage of apoptosis than
assays based on DNA fragmentation. Staining the cells with
Annexin V=FITC and propidium iodide (PI) can be used in a
bivariate analysis to distinguish between cells undergoing
apoptosis (PI negative) and those that are necrotic or dead (PI
positive). Cells (2 x 10°) were incubated with FITC-labeled
Annexin-V and propidium iodide (PI) at RT for 15 min in the
dark and analyzed using a FACSCalibur (Beckton-Dickinson).

Telomerase Assay. The telomerase activity was studied
by the telomeric repeat amplification protocol (TRAP),?? the
Intergen TRAP-eze telomerase detection kit (Intergen Com-
pany, Oxford, UK, or Purchase, New York). The TRAP assay
procedure was performed according to the manufacturer
protocol. The 12.5% nondenaturing polyacrylamide gel was
stained with 1x SYBR green (Molecular Probes, Eugene, OR)
and analyzed by Fluor-S Multilmager (Bio-Rad, Hercules, CA).

Cell Cycle Assay. Cells in the exponential phase of growth
were treated with the copper complexes using an ICsy concen-
tration, and, after 1, 6, 12, 24 h incubations, cells were washed
in PBS w/o Ca?" and Mg?" and EDTA 0.5 mM and fixed with
3 mL of 96% ethanol. After fixation, 1—1.5 x 10° cells were
washed once in PBS and stained in 2 mL of propidium iodide
(20 ug/mL in PBS) and 25 uL of RNase-A (1 mg/mL in H50).
Cells were left overnight at 4 °C, and thereafter the analysis
was carried out using a FACSCalibur cytofluorimeter.
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