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Two oxovanadium(IV) complexes of [VO(msatsc)(phen)], (1) (msatsc = methoxylsalicylaldehyde thiosemicarbazone, phen =
phenanthroline) and its novel derivative [VO (4-chlorosatsc)(phen)], (2) (4-chlorosatsc = 4-chlorosalicylaldehyde thiosemi-
carbazone), have been synthesized and characterized by elemental analysis, IR, ES-MS, '"H NMR, and magnetic susceptibility
measurements. Their antitumor effects on BEL-7402, HUH-7, and HepG2 cells were studied by MT T assay. The antitumor biological
mechanism of these two complexes was studied in BEL-7402 cells by cell cycle analysis, Hoechst 33342 staining, Annexin V-FITC/PI
assay, and detection of mitochondrial membrane potential (A¥m). The results showed that the growth of cancer cells was inhibited
significantly, and complexes 1 and 2 mainly caused in BEL-7402 cells GO/GI cell cycle arrest and induced apoptosis. Both 1 and 2
decreased significantly the A¥m, causing the depolarization of the mitochondrial membrane. Complex 2 showed greater antitumor

efficiency than that of complex 1.

1. Introduction

Schiff bases are an important class of ligands because such
ligands and their transition metal complexes have a variety
of applications including biological, clinical, and analytical
applications [1]. The development of the field of bioinorganic
chemistry has increased the interest in Schiff base complexes,
because it has been recognized that N and S atoms play a
key role in the coordination of transition metals at the active
sites of many metallobiomolecules [2, 3]. The importance of
metal ions in biological systems is well established. One of
the most interesting features of metal-coordinated systems is
the concerted spatial arrangement of the ligands around the
metal ion [3-5].

Among the various transition metal ions used in phar-
macological studies, Vanadium and its derivatives have been
reported to display different biological effects including anti-
tumor, antimicrobial, antihyperlipidemia, antihypertension,
antiobesity, enhancement of oxygen affinity of hemoglobin

and myoglobin, insulin-enhancing effects, and so on [6-8].
Vanadium complexes have also been explored for lowering
of glucose levels [9-12], diuretic and natriuretic effects,
antitumor activity against chemical carcinogenesis in animals
and malignant cell lines (in vitro). Much effort has been
done for vanadyl species coordinated to organic ligands on
the research of their mimetic effects in hopes of developing
vanadodrugs [13-15].

Because V(IV) complexes have no charge, they are
perceived to be candidates for easy bioabsorption. On the
other hand, vanadyl(IV) complexes incorporating thiosemi-
carbazones have been studied extensively for their insulin-
like effects which result in the inhibition of glycerol release
and enhancement of glucose uptake by rat adipocytes and
have been used in the treatment of tuberculosis [16-20]. In
view of inquisitive response of oxovanadium(IV) in biology,
we have reported that four oxidovanadium(IV) complexes
present highly cytotoxic activities against Myeloma cell
(Ag8.653) and Gliomas cell (U251) lines [21]. To continue our
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research in this project, in the present paper, an oxovanadium
complex [VO(msatsc)(phen)] 1 (msatsc = methoxylsalicy-
laldehyde thiosemicarbazone, phen = phenanthroline) and
its novel derivative [VO (4-chlorosatsc)(phen)] and (2) (4-
chlorosatsc = 4-chlorosalicylaldehyde thiosemicarbazone)
(Scheme 1) 2 have been synthesized and characterized. Their
antitumor effects on BEL-7402 human liver (Bel7402), HUH-
7, HepG2 cells were studied by MTT assay. The reported
compounds may be an addition of new class of compounds
as the metal-based drugs.

2. Experimental

2.1. Materials and Physical Measurements. VO(acac), (acac =
acetylacetonate) and 1,10-phenanthroline (phen) were com-
mercially available and used as received. DMSO, CHCI,
were purchased from Aldrich (USA). Other chemicals and
reagents of analytical grade were obtained commercially
without further purification unless specifically mentioned.

BEL-7402, HUH-7, and HepG2 cell lines were purchased
from The Cell Bank of Type Culture Collection of Chinese
Academy of Sciences (Shanghai, China). RPMI 1640 medium
was purchased from Hyclone (Logan, USA), Trypsin, fetal
calf serum and Annexin V-FITC/PI apoptosis detection Kit
were purchased from GIBCO Company (USA). Hoechst
33342 staining solution was purchased from Beyotime Insti-
tute of Biotechnology (China). MTT and Rhodaminel23 were
purchased from Sigma Company (USA).

Microanalysis (C, H, and N) was carried out with a
Perkin-Elmer 240Q elemental analyzer. Electrospray mass
spectra (ES-MS) were recorded on a LCQ system (Finnigan
MAT, USA) using methanol as mobile phase. "H NMR spec-
tra were recorded on a Varian-500 spectrometer. All chemical
shifts are given relative to tetramethylsilane (TMS). Infrared
spectra were recorded on a Bomen FTIR model MB102
instrument using KBr pellets. UV-Vis spectra were recorded
on a Schimadzu UV-3101 PC spectrophotometer at room
temperature. Emission spectra were recorded on a Perkin-
Elmer Lambda 55 spectrofluorophotometer. Magnetic sus-
ceptibility measurements were recorded on a MPMSXL-7
(Quantum Design, USA), at room temperature. Solutions of
compounds were freshly prepared 2h prior to biochemical
evaluation.

Cell viability assay was carried out with a microplate
reader (Model 680 Microplat Reader, BIO-RAD, USA). Cell

cycle analysis, Annexin V-FITC/PI assay of apoptotic cells
and detection of mitochondrial membrane potential were
recorded on a FACScan flow cytometer (BD FACSCal-
iburTM, USA). Fluorescence microscopy of Apoptosis assays
was carried out with the fluorescence microscope (Olympus
OX31, Olympus Corporation, Japan).

2.2. Synthesis and Characterization. Methoxylsalicylalde-
hyde thiosemicarbazone (msatsc) and 4-chlorosalicylal-
dehyde thiosemicarbazone (4-chlorosatsc) were prepared
with a method similar to that described earlier [19-21].
An equimolar methanolic solution of desired thiosemicar-
bazide (0.0182 g, 10 mmol) and corresponding methoxylsal-
icylaldehyde (0.0248 g, 10 mmol) or 4-chlorosalicylaldehyde
(0.0560 g, 10 mmol) was refluxed for 3 h and then the precipi-
tates were filtered off, washed with methanol and dried under
vacuum. The products were recrystallized in ethanol. Msatsc:
White solid. Yield: 80%. Anal. Calcd. for CoH;N;0,S: C,
48.01; H, 4.89; N, 18.67; S, 14.22%; Found: C, 47.89; H, 4.69;
N, 18.53; S, 14.11%. 'H NMR (500 MHz; DMSO-d,; 8, ppm; s,
singlet; d, doublet; t, triplet; m, multiplet): 11.34 (s, 2H, -NH),
9.88 (s, IH, H-C=N), 721 (t, 1H, ] = 7.1Hz, -ph), 6.86 (d,
1H, J = 77 Hz, -ph), 6.81 (d, 1H, J = 7.6 Hz, —ph), 6.79 (t,
1H, ] = 7.6 Hz, -ph), 3.53 (d, 3H, ] = 7.5 Hz, -OCH,). ES-MS
(CH,OH): m/z226.0 ((M+H]"). UV A_,.,nm (¢, M cm™)
in DMSO: 340 (26310). 4-chlorosatsc: White solid. Yield: 83%.
Anal. Calcd. for CgHgN,OSCIL: C, 42.01; H, 3.49; N, 18.38; S,
14.00%; Found: C, 41.85; H, 3.24; N, 18.13; S, 13.92%. "H NMR
(500 MHz; DMSO-dg; 6, ppm): 11.54 (s, 2H, -NH), 9.97 (s,
1H, H-C=N), 8.16 (s, 1H, -ph), 775 (s, IH, —ph) 6.86 (d, 1H, ]
= 7.7 Hz, -ph),. ES-MS (CH;OH): m/z 230.5 (M"). UV A
nm (&, M~ cm™") in DMSO: 346 (18655).

max?

2.2.1. [VO(msatsc)(phen)]. A mixture of methoxylsalicylal-
dehyde thiosemicarbazone (msatsc) (0.0844 g, 0.375 mmol)
and 1,10-phennanthroline-H,O (phen-H,0) (0.0743 g,
0.375mmol) in absolute alcohol (20 cm®) were heated at
72°C under argon for 30 min. After dissolution, VO(acac),
(0.1000g, 0.375mmol) was added and the brown red
precipitate was formed immediately. This suspension was
kept stirring under reflux for about 3.5h and then the
coloured solid formed was filtered off from the hot solution,
washed with mixed solvents of ethanol and ether for three
times and dried under vacuum. Yield: 90%. Anal. Calcd for



Bioinorganic Chemistry and Applications 3
TaBLE 1: Selected IR data for complexes and their corresponding ligands v(cm™).

Compound v(C=S) v(C-S) v(O-H) v(C=N) v(V=0) v(V-0) v(N-H)

VO(msatsc)(phen) — 769 1625 965 624 3289

Msatsc 859 — 3467 1614 — — 3356

VO(4-cholrobrsatsc) (phen) — 767 1624 940 598 3284

4-Cholrobrsatsc 829 — 3443 1603 — — 3319

C,,H,;N;0,SV: C, 53.63; H, 3.62; N, 14.89; S, 6.81%. Found:
C, 53.54; H, 3.56; N, 14.63; S, 6.64%. 'H NMR (500 MHz;
DMSO-d; 8, ppm): 9.1 (d, 2H, J = 8.9 Hz, -NH), 8.51 (t,
1H, J = 9.5Hz, H-C=N), 7.97 (d, 6H, ] = 7.5 Hz, —-phen), 7.78
(d, 2H, J = 78 Hz, -ph), 7.22 (t, 1H, ] = 3.9 Hz, -ph), 6.86
(d, 1H, ] = 77 Hz, -ph), 6.82 (d, 1H, ] = 7.7 Hz, -ph), 6.77 (t,
1H, J = 7.6 Hz, -ph), 3.65 (d, 3H, ] = 7.5 Hz, -OCHj,). ES-MS
(CH;OH): m/z470.9 ((IM+H]"). UV A, nm (&, M cm™)
in DMSO: 265 (41770), 340 (15255), 383 (6525), 760 (20), 797
(20). Magnetic moment: p.¢: 1.70 BM. Molar conductance
Qy (@' em? mol™): 9.65.

2.2.2. [VO (4-chlorosatsc)(phen)]. This complex was synthe-
sized with the same method described for 1. Yield: 89%. Anal.
Caled for CyyH,,N;0,CISV: C, 50.59; H, 2.95; N, 14.76; S,
6.75% Found: C, 50.45; H, 2.68; N, 14.53 S, 6.44%. 'H NMR
(500 MHz; DMSO-dg; 8, ppm): 9.11 (d, 2H, J = 8.8 Hz, -NH),
8.51 (d, 1H, J = 8.1Hz, H-C=N), 8.01 (s, 6H, —phen), 7.79
(d, 2H, J = 7.8 Hz, —-ph), 778 (d, 3H, J = 79 Hz, —ph). ES-
MS (CH;OH): m/z 475.5 (M*). UV A,.,, nm (&, M~  cm™)
in DMSO: 264 (41015), 347 (10975), 400 (7815), 786 (20).
Magnetic moment: . 1.73BM. Molar conductance Qy,
Q' em? mol™): 10.56.

2.3. In Vitro Antitumor Activity

2.3.1. Cell Culture. The cells were routinely cultured in RPMI-
1640 medium, supplemented with 10% fetal calf serum. The
culture was maintained at 37°C with a gas mixture of 5%
CO,/95% air. The medium was changed every two days and
the cells were subcultured every three days.

2.3.2. Cell Viability Assay. Cell viability was determined
using the MTT assay. Briefly, the cells were collected and
resuspended in RPMI1640 medium at 4 X 10* cells/mL,
100 uL aliquots were added to each well of 96-well flat-
bottomed microtiter plates, followed by addition of 100 uL
of the complexes 1 and 2. Three replicate wells were used for
each data point in the experiments. After incubation for the
indicated intervals, 20 uL of MTT (5 mg/mL in PBS) solution
was added to each well and plates were then incubated for
4h at 37°C. The medium with MTT was removed from
the wells. Intracellular formazan crystals were dissolved by
adding 150 uL of DMSO to each well, and the plates were
shaken for 10 min. The absorbance was read at 490 nm with
a microplate reader. Percentage of survival was calculated as
a fraction of the negative control (medium only). The half-
maximal inhibitory concentration (ICs,) was obtained from
the dose-response curve with an original 6.0 software.

2.3.3. Cell Cycle Analysis. Analysis of the cell cycle of control
and treated cancer cells was determined. Using standard
methods, the DNA of cells was stained with PI, and the
proportion of non-apoptotic cells in different phases of the
cell cycle was recorded. The cancer cells were treated with
complexes 1 and 2, harvested by centrifugation at 1000 xg
for 5 min, and then washed with ice-cold PBS. The collected
cells were fixed overnight with cold 70% ethanol, and then
stained with PI solution consisting of 50 ug/mL PI, 10 ug/mL
RNase. After 10 min incubation at room temperature in the
dark, fluorescence-activated cells were sorted in a FACScan
flow cytometer using CellQuest 3.0.1 software.

2.3.4. Fluorescence Microscopy of Apoptosis Assays. This
method was modified from a previous report [18, 22]. Briefly,
after exposed to complexes 1 and 2 for 48 h, BEL-7402 cells
were washed twice with PBS, then stained with 10 yg/mL
Hoechst 33342 staining solution at 37°C for 30 min according
to the manufacturer’s instructions. Finally, the cells were
observed under the fluorescence microscope.

2.3.5. Annexin V-FITC/PI Assay of Apoptotic Cells. BEL-7402
cells treated with complexes 1 and 2 for 48 h were determined
by flow cytometry using a commercially available Annexin V-
FITC/PI apoptosis detection Kit. After treatment, cells were
harvested and washed twice in ice-cold PBS and resuspended
in 500 L of binding buffer at 1-5 x 10° cells/mL. The samples
were incubated with 5yl of Annexin V-FITC and 5uL
propidium iodide in the dark for 15 min at room temperature.
Finally, samples were analyzed by flow cytometry and evalu-
ated based on the percentage of cells for Annexin V positive.

2.3.6. Detection of Mitochondrial Membrane Potential (AYm).
In this study, A¥Ym was measured by using Rhodaminel23,
and 5-Fluorouracil (5-FU, 50 uM) is the positive control.
Treated with complexes 1 and 2 for 48h, BEL-7402 cells
were incubated with Rhodaminel23 (2 uM/mL) at 37°C for
30 min, and washed with PBS. The cell pellets were collected
by centrifugation (1000 xg, 5 min) and resuspended in 500 uL
PBS. Green fluorescence intensities of Rhodamine 123 in cells
were analyzed by FL-1 channel of the flow cytometer.

2.4. Statistical Analysis. Data were expressed as the mean +
SD from these independent experiments. Statistic analysis
was performed using the SPSS 13.0 for Windows. Compar-
isons between two groups were performed by unpaired ¢-
test. Multiple comparisons between more than two groups
were performed by one-way analysis of variance (ANOVA).
Significance was accepted at P value lower than 0.05.
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FIGURE 1: Absorption spectra of VO(msatsc)(phen) (A) and its ligand salsem (B) in (a) and VO(4-cholrobrsatsc)(phen) (C) and its ligand

4-cholrobrsatsc (D) in (b), respectively.
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FIGURE 2: Antiproliferative activity of complexes 1 (a) and 2 (b) detected by MTT assay after 24, 48, and 72 h of treatment on BEL-7402 cells.

3. Results and Discussion

3.1. Complex Characterization. Oxovanadium(IV) complex-
es of formulation [VO(msatsc)(phen)] 1 (msatsc = methox-
ylsalicylaldehyde thiosemicarbazone, phen = phenanthro-
line) and its novel derivative [VO(4-chlorosatsc)(phen)] (4-
chlorosatsc = 4-chlorosalicylaldehyde thiosemicarbazone) 2
are prepared in high yield from a general synthetic procedure
in which vanadylacetylacetonate is reacted with the ligands
in ethanol (Scheme 1).

To study the binding mode of the ligand to vanadium
in the new complexes, IR spectra of the free ligands were
compared with the spectra of the vanadium complexes.
Selected IR data for complexes and their metal free ligands
were given in Table 1. For the ligands, characteristic stretching

vibration bands appear at 859 cm™' and/or 829 cm™ corre-
sponding to the C=S vibration. A strong band is observed
in the free ligands at 1614 cm™" or 1603 cm ™, characteristic
of the imine (C=N) [19, 23-25]. In the spectra of new
complexes, the band due to v(C=N) showed a red shift to
1625 or 1624 cm ™", indicating coordination of the nitrogen to
vanadium (Table 1) [26, 27]. Medium intensity band, at 3467
and 3443 cm ™' in the free ligands due to Vion)> Was absent
in the complexes, indicating deprotonation of the Schiff base
prior to coordination [25, 27]. In addition, the complexes
exhibit the characteristic v(V=0) bands at 965 and 940 cm ™,
and v(V-0) bands at 624 and 598 cm ™! for complex 1 and 2,
respectively.

The '"H NMR spectra of complexes 1 and 2 are in
excellent agreement with the proposed structures. In the 'H
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FIGURE 3: Antiproliferative activity of complexes 1 (a) and 2 (b) detected by MTT assay after 24, 48, and 72 h of treatment on HUH-7 cells.
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FIGURE 4: Antiproliferative activity of complexes 1 (a) and 2 (b) detected by MTT assay after 24, 48, and 72 h of treatment on HepG2 cells.

NMR spectra of the two complexes, the chemical shifts of
the phenolic hydroxy protons of 11.34 ppm and 11.54 ppm,
and amino protons linking directly to the imine groups of
9.88 ppm and 9.97 ppm for complexes 1 and 2, respectively,
in comparison with the metal-free ligands are unobserved.
These facts also affirm that the free ligands are coordinated to
metal.

The electronic spectra of the two complexes and their
ligands were shown in Figurel. The complexes show an
intense band at ca. 265nm assignable to 7-7" transitions
of aromatic rings of phenanthroline [18-20, 28]. A medium
band is observed near 400 nm, which is attributed to a ligand-
to-metal charge-transfer transition (LMCT) as a charge trans-
fer from a p-orbital on the lone-pair of ligands oxygen atoms

to the empty d-orbital of the vanadium atom [27, 29]. The
remaining bands appearing in the UV-region (320-350 nm)
are assignable to the intraligand transitions of the Schiff base
(18, 26-28]. Complexes of oxovanadium(IV) with coordina-
tion numbers 5 and 6 are usually square pyramidal/trigonal
bipyramidal and distorted octahedral, respectively [19, 21,
29]. From the above obtained spectral data, it indicates that
the Schiff bases bonded through the phenolate oxygen, imine
nitrogen, and thiolate sulfur atoms leaving the thiomethyl
as the pendant group. This implies that complexes 1 and 2
bear the central V (IV) atom in a square-pyramidal geometry
(18, 29, 30].

The complexes are one-electron paramagnetic giving a
magnetic moment value of ~1.70 BM at room temperature.
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FIGURE 5: DNA content and cell cycle analysis of BEL-7402 cells after complex 1 treatment. BEL-7402 cells were cultured with either 0.1%
DMSO (control), 30 M, 60 Mm, and 120 4M of complex 1 for 48 h. The percentage of nonapoptotic cells within each cell cycle was determined
by flow cytometry.

These values of magnetic susceptibility also confirm that In addition, the assignments of the two complexes were
the vanadium complexes are in the V (IV) state, with d' made on the basis of elemental analyses and mass spectral
configuration [18, 19, 30, 31]. The molar conductance values data, confirming the proposed structures. The molecular ion
of the two complexes in DMF indicated that these two  peaks of complexes at m/z 441.1 and 475.6, for complexes 1
oxidovanadium complexes show nonelectrolytic nature. and 2,respectively, were obtained by ESI-MS.
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FIGURE 6: DNA content and cell cycle analysis of BEL-7402 cells after complex 2 treatment. BEL-7402 cells were cultured with either 0.1%
DMSO (control), 30 uM, 60 uM, and 120 uM of complex 2 for 48 h. The percentage of nonapoptotic cells within each cell cycle was determined

by flow cytometry.

3.2. In Vitro Antitumor Studies

3.2.1. Antiproliferative Effect of the Complexes 1 and 2 on BEL-
7402, HUH-7, and HepG2 Hepatoma Cells. Complexes 1and
2 were evaluated for their ability to inhibit the growth of BEL-
7402, HUH-7, and HepG2 human hepatoma cell lines using
MTT assay. The inhibition was expressed as cell viability

relative to control without 1 and 2 treatments. In the present
study, BEL-7402, HUH-7, and HepG2 human hepatoma cells
were used which have been recently characterized as a
suitable model for in vitro assessment of hepatoma toxicity
[32, 33]. And 5-Fluorouracil (5-FU, 30 uM) was used as
a positive control, which has been used extensively as an
efficient anticancer drug in clinical trials [32-34]. After
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30 uM
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FIGURE 7: Effects of complex 1 on the morphology of Bel-7402 cells were assayed by Hoechst 33342 staining. After treatment with complex 1
for 48 h, apoptotic cells were detected by Hoechst 33342 staining and examined by fluorescence microscopy (original magnification 400x).

TABLE 2: Comparison of IC, values obtained from the MTT assay
on BEL-7402, HUH-7, and HepG2 hepatoma cell lines after treated
for 24 h, 48 h, and 72 h using the complexes 1 and 2.

IC;, values obtained from the MTT assay (#M)

Cell line Subject
24h 48h 72h

BEL-7402 1 294.30 £ 95.74 30.80 +13.05 0.51+£0.21
2 166.32 + 20.48 17.02 + 3.69 0.90 +0.13
HUH.7 1 6991 +11.08 2.87 £0.23 312+ 0.39
2 79.16 £ 2518 198 £0.72 0.28 £0.09
HepG2 1 12.21 +£1.09 1.81 + 0.38 5.02+0.14
2 4.32 +£0.98 1.33 £ 0.37 1.71+ 0.10

Data are the mean + SD of at least three independent experiments. “P <
0.05; **P < 0.01. * P < 0.05 versus the control, the difference was significant.
**P < 0.01 versus the control, the difference was markedly significant.

treated for 24 h, 48 h, and 72 h on the selected three cell lines,
the cells viability is showed in Figures 2, 3, and 4 and the ICy,
values is summarized in Table 2.

As shown in Table 2 and Figures 2-4, the oxovanadium
complexes exhibit broad inhibition on the three texted
human cancer cell lines with the IC;, values ranging from 1.68
to 55.40 uM, respectively. The results indicate that both of the
oxidovanadium complexes 1 and 2 exhibit antiproliferative
effect to human hepatoma cells BEL-7402, HUH-7, and
HepG2 in a time and does-dependent manner with increas-
ing the concentrations of 1and 2. The IC;, values of complex
2 on BEL-7402, HUH-7, and HepG2 cells after treated for 24 h,
48h, and 72 h were less than that of complex 1 (Figures 2-
4, Table 2). It suggests that complex 2 possessed more potent
inhibitory effect against the cancer cells. This difference may
be attributed to the introduction of one chlorine on the 4
positions of the aromatic chromophore of salicylaldehyde
thiosemicarbazone [18, 34, 35]. It implies that the electronic
effect of salicylaldehyde thiosemicarbazone may be one of the
factors in determining the anti-cancer activities. The results
of the MTT-dye reduction assay unambiguously indicate that
complexes 1 and 2 exert potent cytotoxic/antiproliferative
effect which in some cases is comparable to that of the referent
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Control

FIGURE 8: Effects of complex 2 on the morphology of Bel-7402 cells were assayed by Hoechst 33342 staining. After treatment with complex 2
for 48 h, apoptotic cells were detected by Hoechst 33342 staining and examined by fluorescence microscopy (original magnification 400x).

TaBLE 3: The cell cycle analysis of the BEL-7402 cells induced by complexes 1 and 2 for 48 h.

Concentration The relative proportion of different phase in the cell cycle (%)
(M) GO/G1 S G2/M
Control 71.65 + 1.81 14.28 + 0.37 12.34 +1.78
30 81.05 + 0.23"" 794 +0.81"" 9.11+0.57"
1 60 81.78 + 0.42"" 8.54 + 0.40"" 8.66 +1.03"
120 81.96 +1.88"" 8.18 +£0.97"" 8.58 + 0.60"
30 85.46 +2.58"" 5.53 +0.23"" 7.74 +1.82"
2 60 86.03 +1.23"" 5.33+0.20"" 753 +1.217
120 86.00 + 0.99"" 5.25+ 0.51"" 7.89 + 0.63"

Data are the mean # SD of at least three independent experiments. P < 0.05; “*P < 0.01." P < 0.05 versus the control, the difference was significant. **P <

0.01 versus the control, the difference was markedly significant.

cytotoxic drug 5-Fluorouracil. Among the cell lines under
evaluation, the HUH-7 and HepG2 human hepatoma cells
proved to be more sensitive to V(IV)-complexes treatment,
actually the IC50 values in these cells were somewhat higher,
but more or less comparable to that of 5-Fluorouracil.

3.2.2. Cell Cycle Analysis. In order to elucidate the mech-
anisms underlying the observed antiproliferative effect of
complexes 1 and 2 on cancer cells, the cells cycle distribution
was analyzed by flow cytometry with PI staining [17, 33-

39]. The BEL-7402 cells were treated with 30 uM, 60 uM, and
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FIGURE 9: Distribution map of cell apoptosis. BEL-7402 cells were incubated with different concentrations of complex 1 (30, 60, and 120 uM)
for 48 h, subjected to Annexin V-FITC/PI staining, analyzed by flow cytometry.

120 uM of 1 and 2 for 48h, respectively. The results were
shown in Figures 5 and 6. According to the results of Figures
5 and 6, it indicated that there were significantly increased
rates of cells at GO/Gl1 phase and decreased the rates of cells
at S and G2/M phase after BEL-7402 cells were exposed to 1
and 2 compared with untreated cells.

As shown in Table 3, the oxovanadium complexes 1 and
2 inhibited growth of BEL-7402 cells by inducing a block in
the GO/G1 phase of the cell cycle. The results in this work
showed that there were significantly increased GO/G1 phase
distribution and decreased G2/M phase distribution in a
dose-dependent manner, indicating the induction of G0/G1-
phase arrest by complexes 1 and 2, and the arrested effect

of 2 is stronger than that of 1. The results also suggested
that the two oxovanadium complexes induced proliferative
suppression of BEL-7402 cells may be via the induction of
apoptosis [34-38].

3.2.3. Induction of Apoptosis as Evidenced by Hoechst 33342
Staining. Apoptosis is an important continuous process of
destruction of undesirable cells during development or
homeostasis in multicellular organisms. It is widely accepted
that this process is characterized by distinct morphological
changes including membrane blebbing, cell shrinkage, dis-
sipation mitochondrial membrane potential (A¥m), chro-
matin condensation, and DNA fragmentationer [17, 18, 40,
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FIGURE 10: Distribution map of cell apoptosis. BEL-7402 cells were incubated with different concentrations of the complex 2 (30, 60, and
120 uM) for 48 h, subjected to Annexin V-FITC/PI staining, and analyzed by flow cytometry.

41]. It has also been known that cancer was caused by the
disruption of cellular homeostasis between cell death and cell
proliferation [39, 42-44] and compounds which can induce
apoptosis are considered to have potential as anticancer drugs
(17,18, 45].

In an attempt to elucidate whether the GO0/Gl phase
arrest in the BEL-7402 cells induced by these complexes was
associated with apoptosis, the occurrence of apoptosis by
complexes 1and 2 was identified with Hoechst 33342 staining.
Figures 6 and 7 show representative Hoechst 33342 staining
fluorescence photomicrographs of cultured BEL-7402 cells
treated with or without 1 and 2, respectively.

As shown in Figures 7 and 8, compared with the control,
the BEL-7402 cells exhibited typical apoptotic features after
treated with complexes 1 and 2 for 48h including cellular
morphological change, the apoptotic bodies, condensation
of chromatin (brightly stained), and the apoptotic cells

significantly increased in a dose-dependent manner with
increasing the concentrations (30, 60, and 120 uM, resp.) of
land 2.

3.2.4. Apoptosis Assessment by Annexin V-FITC/PI Assay. To
further investigate the induced apoptosis effects of complexes
1 and 2, Annexin V-FITC/PI staining was performed to
determine early, late apoptotic and necrotic cells, and 5-
Fluorouracil (5-FU, 30 uM) was used as the positive control.

It is known that Phosphatidylserine (PS) externalization
is an early feature of apoptosis and can be detected by the
binding of Annexin V to PS on the cell surface [40-45],
and the apoptosis assessment method by Annexin V-FITC/PI
assay is well recognized and accurate. As shown in Figures
9 and 10, with increasing amounts of complexes (30 uM,
60 uM, 120 uM, resp.), the percentage of Annexin V-FITC/PI
stained cells both the early and late apoptotic cells increases
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TABLE 4: Depolarization of mitochondrial membrane potential of the BEL-7402 cells treated with complexes 1 and 2 for 48 h.
Complex 1 Complex 2
Concentration Mean value of Mean value of
(uM) green fluorescence % of control green fluorescence % of control
intensity (X + SD) intensity (X + SD)
Control 59.84 £0.21 100.00 £ 0.35 16.01 £ 0.09 99.99 + 0.58
60 44.86 + 3.99 74.96  6.67 19.33 £ 2.66 120.78 £16.60
90 76.99 + 3.06™* 128.65 + 5.11°" 38.85+1.35"" 242.73 + 8.41""
135 85.02 +1.37"" 142.07 +2.28*" 58.23 + 0.50"" 363.78 +3.13""

Data are the mean + SD of at least three independent experiments. *P < 0.05; **P < 0.01. “ P < 0.05 versus the control, the difference was significant. **P <

0.01 versus the control, the difference was markedly significant.
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FIGURE 11: Distribution map of mitochondrial membrane potential with complex 1 (bottom) and complex 2 (top) for 48 h.

significantly. The results indicate that both complexes 1 and 2
induced proliferative suppression of BEL-7402 cells were via
the induction of apoptosis, and the induced apoptosis effect
of 2 is stronger than that of 1.

3.2.5. Loss of Mitochondrial Membrane Potential (A¥Ym).
Disruption of the A¥m is one of the earliest intracellular
events that occur following the induction of apoptosis [38-
42], and it is also a hallmark for apoptosis. To evaluate the
situation of mitochondria in 1 and 2 induced apoptosis, the
ability of the two compounds to induce alterations in the
mitochondrial membrane potential was investigated.

As shown in Figure 11 and Table 4 upon increasing the
concentrations of complexes 1 and 2 (60, 90, and 135 uM),
the mean value of green fluorescence intensity obtained from
the flow cytometry on BEL-7402 cells increases steadily after
treated for 48 h. It is indicated that a lot of Rhodamine 123

from mitochondria matrix was released to the cytoplasm in
a dose dependent manner, complexes 1 and 2 can affect the
mitochondrial function and causing the depolarization of
the mitochondrial membrane, and lead to the A¥Ym value
significantly decreased. The percentage relative to control
of the complex 2 is stronger than that of the complex 1
(Table 4). These results imply that the induction of apoptosis
by the complexes may be associated with the mitochon-
drial pathway [17, 22, 43-47]. However, further mechanism
researches involved in the induction of apoptosis remain to
be elucidated.

In summary, two oxovanadium(IV) complexes of [VO
(satsc)(phen)] (1) (satsc salicylaldehyde thiosemicar-
bazone, phen phenanthroline) and [VO (4-chloros-
atsc)(phen)] and (2) (4-chlorosatsc = 4-chlorosalicylalde-
hyde thiosemicarbazone) have been synthesized and charac-
terized. Their antitumor effects on BEL-7402, HUH-7, and
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HepG2 cells were studied by MTT assay. In vitro experi-
mental results show that both 1 and 2 possess significant
antiproliferative effects. The results also showed that they can
cause GO/GI1 phase arrested of the cell cycle and decreased
significantly the AWm, causing the depolarization of the
mitochondrial membrane. Both complexes exhibit significant
induced apoptosis in BEL-7402 cells and displayed typi-
cal morphological apoptotic characteristics, and complex 2
showed greater antitumor efficiency than that of complex 1.
These results may provide further evidence to exploit the
potential medicine compounds from the metal complexes.
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4-chlorosatsc: 4-Chlorosalicylaldehyde
thiosemicarbazone.

Conflict of Interests

The authors have declared that there is no conflict of interests.

Acknowledgments

This work was supported by the National Natural Sci-
ence Foundation of China (no. 81102753), the Science and
technology Research Project of Guangdong Province (no.
2012B031800431 and no. 83046), China, and the healthy
industry base special project of Zhongshan City (no.
2009H021), China.

References

[1] X.G.Ran, L. Y. Wang, D. R. Cao, Y. C. Lin, and J. Hao, “Synthe-
sis, characterization and in vitro biological activity of cobalt(II),
copper(II) and zinc(II) Schiff base complexes derived from sali-
cylaldehyde and D,L-selenomethionine,” Applied Organometal-
lic Chemistry, vol. 25, no. 1, pp. 9-15, 2011.

[2] P. K. Sasmal, A. K. Patra, M. Nethaji, and A. R. Chakravarty,
“DNA cleavage by new oxovanadium(IV) complexes of N-
salicylidene a-amino acids and phenanthroline bases in the
photodynamic therapy window;” Inorganic Chemistry, vol. 46,
no. 26, pp. 11112-11121, 2007.

[3] J. Vanco, O. Svajlenova, E. Racianska, J. Muselik, and J. Valen-
tova, “Antiradical activity of different copper(II) Schiff base
complexes and their effect on alloxan-induced diabetes,” Journal
of Trace Elements in Medicine and Biology, vol. 18, no. 2, pp. 155-
162, 2004.

[4] J. A. Obaleye, J. E Adediji, and M. A. Adebayo, “Synthesis
and biological activities on metal complexes of 2,5-diamino-
1,3,4-thiadiazole derived from semicarbazide hydrochloride,”
Molecules, vol. 16, no. 7, pp. 5861-5874, 2011.

[5] X. Tai, X. Yin, Q. Chen, and M. Tan, “Synthesis of some
transition metal complexes of a novel Schiff base ligand derived

)

(10]

(11

(12]

(13]

(14]

(16]

(17]

(18]

13

from 2,2'-bis(p-methoxyphenylamine) and salicylicaldehyde,”
Molecules, vol. 8, no. 5, pp. 439-443, 2003.

P. Noblia, E. J. Baran, L. Otero et al,, “New vanadium(V)
complexes with salicylaldehyde semicarbazone derivatives: syn-
thesis, characterization, and in vitro insulin-mimetic activity—
crystal structure of [V'O,(salicylaldehyde semicarbazone)],”
European Journal of Inorganic Chemistry, vol. 2004, no. 2, pp.
322-328, 2004.

P. Pattanayak, J. L. Pratihar, D. Patra et al., “Synthesis, structure
and reactivity of azosalophen complexes of vanadium(IV):
studies on cytotoxic properties,” Dalton Transactions, no. 31, pp.
6220-6230, 2009.

A. Messerschmidt and R. Wever, “X-ray structure of a
vanadium-containing enzyme: chloroperoxidase from the fun-
gus Curvularia inaequalis” Proceedings of the National Academy
of Sciences of the United States of America, vol. 93, no. 1, pp. 392-
399, 1996.

D. C. Crans and A. S. Tracey, “The chemistry of vanadium in
aqueous and nonaqueous solution,” ACS Symposium Series, vol.
711, pp. 2-29,1998.

R. Liasko, T. A. Kabanos, S. Karkabounas et al., “Beneficial
effects of a vanadium complex with cysteine, administered at
low doses on benzo(x) pyrene-induced leiomyosarcomas in
wistar rats,” Anticancer Research, vol. 18, no. 5A, pp. 3609-3613,
1998.

P. Prasad, P. K. Sasmal, R. Majumdar, R. R. Dighe, and A.
R. Chakravarty, “Photocytotoxicity and near-IR light DNA
cleavage activity of oxovanadium(IV) Schiff base complexes
having phenanthroline bases,” Inorganica Chimica Acta, vol.
363, no. 12, pp. 2743-2751, 2010.

P. K. Sasmal, S. Saha, R. Majumdar, R. R. Dighe, and A.
R. Chakravarty, “Photocytotoxic oxovanadium(IV) complexes
showing light-induced DNA and protein cleavage activity;
Inorganic Chemistry, vol. 49, no. 3, pp. 849-859, 2010.

A. A. Holder, “Inorganic pharmaceuticals,” Annual Reports on
the Progress of Chemistry A, vol. 107, pp. 359-378, 2011.

Y. Sun, L. E. Joyce, N. M. Dickson, and C. Turro, “DNA
photocleavage by an osmium(ii) complex in the PDT window;”
Chemical Communications, vol. 46, no. 36, pp. 6759-6761, 2010.
S. P. Dash, S. Pasayat, S. H. R. Dash, S. Das, R. J. Butcher,
and R. Dinda, “Oxovanadium(V) complexes incorporating
tridentate aroylhydrazoneoximes: synthesis, characterizations
and antibacterial activity;” Polyhedron, vol. 31, no. 1, pp. 524-529,
2012.

S. A. Patil, V. H. Naik, A. D. Kulkarni, U. Kamble, G. B. Bagihalli,
and P. S. Badami, “DNA cleavage, in vitro antimicrobial and
electrochemical studies of Co(II), Ni(II), and Cu(II) complexes
with m-substituted thiosemicarbazide Schiff bases,” Journal of
Coordination Chemistry, vol. 63, no. 4, pp. 688-699, 2010.

O. S. Frankfurt and A. Krishan, “Apoptosis-based drug screen-
ing and detection of selective toxicity to cancer cells,” Anti-
Cancer Drugs, vol. 14, no. 7, pp. 555-561, 2003.

H. L. Xu, X. E Yu, S. C. Qu et al., “Anti-proliferative effect of
Juglone from Juglans mandshurica Maxim on human leukemia
cell HL-60 by inducing apoptosis through the mitochondria-
dependent pathway,” European Journal of Pharmacology, vol.
645, no. 1-3, pp. 14-22, 2010.

J-Z. Lu, Y.-E Du, H.-W. Guo, J. Jiang, X.-D. Zeng, and
L.-Q. Zang, “Two oxovanadium complexes incorporating
thiosemicarbazones: synthesis, characterization, and DNA-
binding studies,” Journal of Coordination Chemistry, vol. 64, no.
7, pp- 1229-1239, 2011.



14

(20]

(21]

(22]

(23]

[25]

(26]

(27]

(28]

(30]

(31]

(32

Y. E Du, J. Z. Lu, H. W. Guo, and J. Jiang, “DNA binding and
photocleavage properties of two mixed-ligand oxovanadium
complexes,” Transition Metal Chemistry, vol. 35, pp. 859-864,
2010.

J. Z. Lu, X.D. Zeng, H. W. Guo et al., “Synthesis and charac-
terization of unsymmetrical oxidovanadium complexes: DNA-
binding, cleavage studies and antitumor activities,” Journal of
Inorganic Biochemistry, vol. 112, pp. 39-48, 2012.

I. Kostova, “Titanium and vanadium complexes as anticancer
agents,” Anti-Cancer Agents in Medicinal Chemistry, vol. 9, no.
8, pp. 827-842, 2000.

S. K. S. Hazari, J. Kopf, D. Palit, S. Rakshit, and D. Rehder,
“Oxidovanadium(IV) complexes containing ligands derived
from dithiocarbazates—models for the interaction of VO?** with
thiofunctional ligands,” Inorganica Chimica Acta, vol. 362, no. 4,
pp. 1343-1347, 2009.

B. Khera, A. K. Sharma, and N. K. Kaushik, “Bis(indenyl)
titanium(IV) and zirconium(IV) complexes of monofunctional
bidentate salicylidimines,” Polyhedron, vol. 2, no. 11, pp. 1177-
1180, 1983.

M. Timer, H. Koksal, S. Serin, and M. DogZ&rak, “Antimicro-
bial activity studies of mononuclear and binuclear mixed-ligand
copper(II) complexes derived from Schiff base ligands and 1,10-
phenanthroline ,” Transition Metal Chemistry, vol. 24, no. 1, pp.
13-17,1998.

M. Tiimer, C. Celik, H. S. K. ksal, and S. Serin, “Transition metal
complexes of bidentate Schiff base ligands,” Transition Metal
Chemistry, vol. 24, no. 5, pp. 525-532, 1999.

S. K. Dutta, S. B. Kumar, S. Bhattacharyya, E. R. T. Tiekink,
and M. Chaudhury, “Intramolecular electron transfer in
(BzImH)[(LOV),0] (H,L = S-methyl 3-((2-Hydroxyphen-
yl)methyl)dithiocarbazate): a novel y-Oxo dinuclear oxovana-
dium(IV/V) compound with a trapped-valence (V,0,)** core.”
Inorganic Chemistry, vol. 36, no. 22, p. 4954, 1997.

A. A. Nejo, G. A. Kolawole, A. R. Opoku, J. Wolowska,
and P. O’Brien, “Synthesis, characterization and preliminary
insulin-enhancing studies of symmetrical tetradentate Schiff
base complexes of oxovanadium(IV),” Inorganica Chimica Acta,
vol. 362, no. 11, pp. 3993-4001, 2009.

R. L. Farmer and E L. Urbach, “Stereochemistry and electronic
structure of oxovanadium(IV) chelates with tetradentate Schiff
base ligands derived from 1,3-diamines;” Inorganic Chemistry,
vol. 13, no. 3, pp. 587-592, 1974.

V. B. Arion, V. C. Kravtsov, R. Goddard et al., “Oxovana-
dium(IV) and oxovanadium(IV)-barium(II) complexes with
heterotopic macrocyclic ligands based on isothiosemicar-
bazide,” Inorganica Chimica Acta, vol. 317, no. 1-2, pp. 33-44,
2001.

X. G. Ran, L. Y. Wang, D. R. Cao, Y. C. Lin, and J. Hao, “Synthe-
sis, characterization and in vitro biological activity of cobalt(II),
copper(II) and zinc(II) Schiff base complexes derived from sali-
cylaldehyde and D,L-selenomethionine,” Applied Organometal-
lic Chemistry, vol. 25, no. 1, pp. 9-13, 2011.

B. Banik, P. K. Sasmal, S. Roy, R. Majumdar, R. R. Dighe, and
A. R. Chakravarty, “Terpyridine oxovanadium(IV) complexes
of phenanthroline bases for cellular imaging and photocytotox-
icity in HeLa cells,” European Journal of Inorganic Chemistry, no.
9, pp. 1425-1435, 2011.

R. W. Johnstone, A. A. Ruefli, and S. W. Lowe, “Apoptosis: a link
between cancer genetics and chemotherapy,” Cell, vol. 108, no.
2, pp. 153-164, 2002.

(34]

(35]

(37]

(38]

[41]

[42]

(43]

Bioinorganic Chemistry and Applications

W. Hu and J. J. Kavanagh, “Anticancer therapy targeting the
apoptotic pathway,” The Lancet Oncology, vol. 4, no. 12, pp. 721-
729, 2003.

J. D. Ly, D. R. Grubb, and A. Lawen, “The mitochondrial
membrane potential (A¥Y m) in apoptosis; an update,” Apoptosis,
vol. 8, no. 2, pp. 115-128, 2003.

S. H. Kaufmann and M. O. Hengartner, “Programmed cell
death: alive and well in the new millennium,” Trends in Cell
Biology, vol. 11, no. 12, pp. 526-534, 2001.

C. B. Thompson, “Apoptosis in the pathogenesis and treatment
of disease,” Science, vol. 267, no. 5203, pp. 1456-1462, 1995.

S.J. Martin and D. R. Green, “Apoptosis and cancer: the failure
of controls on cell death and cell survival,” Critical Reviews in
Oncology/Hematology, vol. 18, no. 2, pp. 137-153, 1995.

I. Vermes, C. Haanen, H. Steffens-Nakken, and C. Reutel-
ingsperger, “A novel assay for apoptosis. Flow cytometric detec-
tion of phosphatidylserine expression on early apoptotic cells
using fluorescein labelled Annexin V;” Journal of Immunological
Methods, vol. 184, no. 1, pp. 39-51, 1995.

Y. J. Liuand C. H. Zeng, “Synthesis of ruthenium(II) complexes
and characterization of their cytotoxicity in vitro, apoptosis,
DNA-binding and antioxidant activity, European Journal of
Medicinal Chemistry, vol. 45, no. 7, pp. 3087-3095, 2010.

G. Klopman, “Chemical reactivity and the concept of charge-
and frontier-controlled reactions,” Journal of the American
Chemical Society, vol. 90, no. 2, pp. 223-229, 1968.

A. Klein, P. Holko, J. Ligeza, and A. M. Kordowiak, “Sodium
orthovanadate affects growth of some human epithelial cancer
cells (A549, HTB44, DU145),” Folia Biologica, vol. 56, no. 3-4,
pp. 115-121, 2008.

M. OConnor, A. Kellett, M. McCann et al., “Copper(II)
complexes of salicylic acid combining superoxide dismutase
mimetic properties with DNA binding and cleaving capabilities
display promising chemotherapeutic potential with fast acting
in vitro cytotoxicity against cisplatin sensitive and resistant
cancer cell lines,” Journal of Medicinal Chemistry, vol. 55, no. 5,
pp. 1957-1968, 2012.

R. Kim, “Recent advances in understanding the cell death
pathways activated by anticancer therapy;,” Cancer, vol. 103, no.
8, pp- 1551-1558, 2005.

R. S. Ray, B. Rana, B. Swami, V. Venu, and M. Chatterjee,
“Vanadium mediated apoptosis and cell cycle arrest in MCF7
cell line” Chemico-Biological Interactions, vol. 163, no. 3, pp.
239-247, 2006.

J. Benitez, L. Becco, 1. Correia et al., “Vanadium polypyridyl
compounds as potential antiparasitic and antitumoral agents:
new achievements,” Journal of Inorganic Biochemistry, vol. 105,
no. 2, pp. 303-312, 2011.

A. Bishayee, A. Waghray, M. A. Patel, and M. Chatterjee,
“Vanadium in the detection, prevention and treatment of
cancer: the in vivo evidence,” Cancer Letters, vol. 294, no. 1, pp.
1-12, 2010.



