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Antitumor activity of a 2-pyridinecarboxaldehyde
2-pyridinecarboxylic acid hydrazone copper complex
and the related mechanism
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Abstract. In the present study, 2-pyridinecarboxaldehyde
2-pyridinecarboxylic acid hydrazone (PPAH) was prepared
and its antitumor activity was evaluated. The inhibition of
proliferation of PPAH against the HepG2 and HCT-116 cell
lines was less effective, yet in the presence of copper ions,
the mixture demonstrated excellent antitumor activity (ICs, at
2.75+0.30 uM for the HepG2 cell line, and 1.90+0.20 uM for
the HCT-116 cell line, respectively) and the new active species
was confirmed to be a PPAH copper complex with a 1:1 ratio
by spectral analysis. The excellent antitumor activity of the
copper complex prompted us to investigate the underlying
mechanism. RT-PCR was performed to detect the changes in
the expression of apoptotic genes induced by PPAH and its
copper complex. However, no changes were observed when the
cells were treated by the agents for 24 or 48 h, indicating that
ROS were unlikely involved. Cell cycle analysis showed that
both PPAH and its copper complex led to S phase arrest of
the cells. The sDNA relaxation assay revealed that the PPAH-
copper complex displayed dual topoisomerase inhibition for
type I and II. The data suggest that the inhibition of prolifera-
tion exhibited by the PPAH copper complex may stem from its
dual topoisomerase inhibition, which is rarely observed for a
metal complex.
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Introduction

Cancer is a serious health issue that accounts for millions
of deaths. In general, localized cancer can be resected by
surgery, yet metastatic cancer requires systemic treatment with
chemotherapy (1). However, the genetic cytotoxic side-effects
and resistance of chemotherapeutic agents used in the clinic
have motivated scientists to identify and develop new drugs
to replace the currently used arsenal of agents. Different
strategies based on tumor cell characteristics, the targeting of
specific enzymes or transcription factors, have been proposed
in drug development. It is known that neoplastic cells have a
higher requirement for iron due to their significantly elevated
expression of the transferrin receptor 1 and ribonucleotide
reductase (2). In addition, cancer cells take up more copper
(Cu) than normal cells and use this metal for angiogenesis
and metastasis (3). Due to the crucial roles of these metals,
the development of novel Fe and Cu chelators has become a
promising anticancer strategy (4).

Hydrazones have been intensively investigated in view
of their potential application as anticancer, antiviral, anti-
bacterial and antifungal agents. Pyridinecarboxylic acid
hydrazide and pyridinecarboxaldehyde are widely used in the
preparation of hydrazone or Schiff base for their potent metal
chelating ability. Pyridoxaldehyde isonicotinoyl hydrazone
has been extensively evaluated as an antiproliferative agent
and iron chelator (5,6). In contrast, these hydrazones have
versatile ability in metal. For instance, the metal complex of
N-heteroaromatic hydrazones of 2-pyridinecarboxaldehyde
often exhibits greater biological activity compared to the
corresponding free ligands, with copper(II) complexes being
the most active among all the tested complexes (7). However,
the underlying mechanisms of the hydrazones and their
metal complexes in regards to their anticancer activity are
poorly understood. Concerning iron chelators, one hypothesis
frequently cited is the inhibition of ribonucleotide reductase,
which contains iron at its catalytic center (8). Chelators also
exert cytotoxic effects via redox cycling of bound metals and
attendant production of free radicals (9,10). Thus, they are
involved in an apoptotic response by activating the mitochon-
drial pathway (11).
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Figure 1. Chemical structures of (a) PPAH and (b) its copper complex. PPAH, 2-pyridinecarboxaldehyde 2-pyridinecarboxylic acid hydrazone.

The excellent biological activities of the hydrazones and
their metal complexes prompted us to probe their mechanisms
of action. As an extended study, the hydrazone of 2-pyridine-
carboxaldehyde 2-pyridinecarboxylic acid hydrazone (PPAH)
was prepared and its tumor proliferation inhibition was evalu-
ated. In view of a possible synergistic effect in combination
with metal ions, the inhibitory effect on cell proliferation of
PPAH in the presence of copper ions was also investigated.
Beyond our expectation, the mixture of PPAH with copper
displayed excellent proliferation inhibition, which motivated
us to probe the underlying mechanism. Thus, the composition
of the active species, cell cycle analysis, RT-PCR, comet assay
and topoisomerase (Top) inhibition assay were performed. The
results revealed that PPAH formed a complex with copper and
acted as a novel Top inhibitor for both type I and II, which is
rarely observed for metal complexes.

Materials and methods

All reactants and solvents were AR grade. MTT, ethidium
bromide (EB), RPMI-1640 medium and agarose were
purchased from Sigma.

Preparation of PPAH. 2-Pyridinecarboxylic acid hydrazide
was prepared based on a previously reported procedure (12).
PPAH was made by refluxing an equal molar ratio of 2-pyri-
dinecarboxylic acid hydrazide and 2-pyridinecarboxaldehyde
in ethanol, and the reaction process was monitored by TLC.
Pure PPAH was isolated by removing the solvent and re-crys-
tallization in acetonitrile. The '"HNMR (DMSO-d6, Bruker
400 MHz) of PPAH: '"HNMR: 12.54(s, H(N-H)), 8.73(d),
8.70(s, (CHO)), 8.62(d), 8.15(d), 8.06(t), 8.0(d), 7.90(t), 7.70(t),
7.43(t). *CNMR(ppm): 161.26, 158.36, 149.97, 149.86, 149.78,
149.03, 138.55, 137.35, 127.65, 124.92, 123.37, 120.45. M/Z:
227.2734 (M+H)*. The structures of PPAH and its copper
complex are shown in Fig. 1.

Determination of the molar ratio of PPAH to copper(Il). The
molar ratio of PPAH/copper(Il) was determined by spectral
methods as previously described (13). Briefly, the stock solu-
tions of 1 mM PPAH in 15% dimethylsulfoxide (DMSO) and
1 mM CuCl, in water were prepared. Next, 0.2 ml of the CuCl,
solution was added to a series of 5-ml volumetric flasks, and
then 40, 80, 120, 160, 200, 240, 280, 320, 360 or 400 ul of
PPAH was transferred to each flask, respectively. Finally, water
was added (5 ml). After mixing and equilibrium, the spectra
were recorded on a Shimadzu UV-2450 spectrophotometer.

Cell culture and cytotoxicity assay. The stock solution
of PPAH (10 mM) was prepared in 25% DMSO, and was
diluted to the required concentration with water when used.
The copper complex was made by mixing PPAH with a high
concentration of CuCl, based on 1:1 molar ratio and diluted to
the required concentration with water. The human colorectal
carcinoma cell line (HCT-116) and liver carcinoma cells
(HepG2) were cultured in RPMI-1640 medium supplemented
with 10% fetal calf serum (FCS) and antibiotics. The cells
collected during the exponential phase of growth (1x10%/
ml) were seeded equivalently into 96-well plates, and 1 ul
of PPAH or its copper complex at varied concentrations was
added after the cells adhered. Following a 48-h incubation at
37°C in a humidified atmosphere of 5% CO,, 10 ul MTT solu-
tion (1 mg/ml) was added to each well, followed by further
incubation for 4 h. The cell culture was removed by aspiration,
and 100 pl/well of DMSO was added to dissolve the formazan
crystals. The measurement of the absorbance of the solution
that was related to the number of living cells was performed
on a microplate reader (MK3; Thermo Scientific) at 570 nm.
Percent growth inhibition was defined as the percentage of the
decrease in absorbance to the appropriate absorbance for each
cell line. The same assay was performed in triplet.

Comet assay. The comet assay was adapted as previously
described (14). HepG2 cells were treated with or without
the investigated compounds (40 and 80 xM for PPAH or
2.5 and 5 M for the PPAH-Cu complex) followed by a
48-h incubation in a humidified atmosphere of 5% CO,. The
cells were harvested by centrifugation after trypsinization
and then embedded in 0.5% low melting point agarose at a
final concentration of 1x10* cells/ml. A 20-ul aliquot of this
cellular suspension was then spread onto duplicate frosted
slides that had previously been covered with 1% normal
melting point agarose as a basal layer. The slides were
allowed to solidify for 10 min at 4°C before being placed in
lysis buffer for 1 h [2.5 M NaCl, 0.1 M ethylenediaminetet-
raacetic acid (EDTA), 0.01 M Tris, 1% Triton X-100, 10%
DMSO, pH 10.0). After lysis, the slides were transferred into
alkaline buffer for 40 min (0.001 M EDTA, 0.3 M NaOH,
pH >13.0) to allow the DNA to unwind before migration
at 0.66 V/cm and 300 mA for 30 min. All these steps were
performed in the dark. After neutralization in 0.4 M Tris-HCl
pH 7.4, the slides were stored at 4°C until analysis following
24 h. Before analysis, the slides were stained with EB (20 pg/
ml) and covered with a coverslip. Images was captured using
fluorescence microscopy.
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Figure 2. UV-visible spectra of the PPAH copper complex and the relation between absorbance and molar ratio. (a) Spectra of CuCl, and in the presence of
varied concentrations of PPAH; the molar ratio as indicated in the figure. (b) Plot of the absorbance of the copper complex at 350 nm vs. the molar ratio of
PPAH/Cu(II); a 1:1 ratio is shown. PPAH, 2-pyridinecarboxaldehyde 2-pyridinecarboxylic acid hydrazone.

RT-PCR. Total RNA was extracted from the cells following
treatment with the investigated agents for 24 (or 48 h) using
TRIzol reagent (Sangon, Shanghai, China) according to the
manufacturer's protocol. Two micrograms of total RNA were
used for reverse transcription in a total volume of 20 ul with
the M-MLV reverse transcriptase system (LifeFeng Biological
Technology Corporation, Shanghai, China). Two microliters of
cDNA were subsequently amplified in a total volume of 20 pl
using the 2X Taq PCR kit (LifeFeng Biological Technology
Corporation) following the conditions recommended by the
manufacturer. The sense and antisense primers (synthesized
by Shanghai Generay Biological Engineering Corporation,
Co., Shanghai, China) for (3-actin were: 5-~ACACTGTGCCC
ATCTACGAGG-3' and 5'-CGGACTCGTCATACTCCTG
CT-3' (615 bp) used as an internal control; the sense and
antisense primers for caspase 3 were: 5'-GAAGCGAATC
AATGGACTCTGG-3' and 5-ACATCACGCATCAATTCCA
CAA-3' (241 bp); the sense and antisense primers for caspase 8
were: 5'-AAGTTCCTGAGCCTGGACTACAT-3'and 5-ATTT
GAGCCCTGCCTGGTGTCT-3' (227 bp); the sense and
antisense primers for p53 were: 5'-GTCTACCTCCCGCCAT
AA-3' and 5'-CATCTCCCAAACATCCCT-3' (316 bp); the
sense and antisense primers for bcl were: 5" TTACCAAGCAG
CCGAAGA-3" and 5'-TCCCTCCTTTACATTCACAA-3'
(309 bp); the sense and antisense primers for bax were: 5'"TTT
TGCTTCAGGGTTTCATC-3' and 5-GGCCTTGAGCACCA
GTTT-3' (299 bp); the sense and antisense primers for cyclin A
were: 5S-TTAGGGAAATGGAGGTTA-3' and 5'-CAGAAAG
TATTGGGTAAGAA-3', respectively. RT-PCR was performed
on a Nexus Gradient Mastercycler (Eppendorf). The cycling
conditions were: 94°C for 2 min, followed by 30 cycles of 94°C
for 30 sec, 53-56°C for 30 sec, and 72°C for 1 min, and a final
extension of 72°C for 10 min. The PCR products were separated
on 1.5% agarose gel and visualized by EB staining. The data
were acquired with a Tocan 360 gel imager (version 3.2.1
software) (Shanghai Tiancheng Technology Co., Ltd., China).

Cell cycle analysis. HepG2 cells (1x10°) were seeded in a
6-well plate and incubated for 24 h at 37°C (5% CO,), the
medium was replaced with fresh medium, supplemented
or not (control) with the agents (40 and 80 M for PPAH,

or 2.5 and 5 uM for the PPAH-Cu complex). After 24 h of
incubation, the cells were harvested with trypsin, followed by
washing with phosphate-buffered saline (PBS), fixed in 70%
ethanol and stored at -20°C. The cellular nuclear DNA was
stained with propidium iodide (PI). Briefly, after removing
the 70% ethanol, the cells were washed with PBS and then
suspended in 0.5 ml PBS containing 50 pg/ml PI and 100 pg/
ml RNase. The cell suspension was incubated at 37°C for
30 min. DNA flow cytometry was performed in duplicate with
a FACSCalibur flow cytometer (Becton-Dickinson, USA). For
each sample 10,000 events were collected, and fluorescent
signal intensity was recorded and analyzed by CellQuest and
ModiFit (Becton-Dickinson).

DNA Top activity assay. The nuclear extract from HepG2 cells
was prepared as previously described (15). The nuclear extract
(0.4 ug) was added to the Top reaction mixture containing
10 mM Tris-HCI (pH 7.5), 1| mM EDTA, 150 mM NacCl,
0.1% bovine serum albumin (BSA), 5% glycerol and 0.4 ug
pUCI8 and 1 pl (or 2 or 3 ul) test agent (0.5 mM for PPAH or
0.3 mM for PPAH-Cu complex in water) at a final volume of
20 pl. Following incubation at 37°C for 30 min, the reaction
was terminated by adding 5 ul of stopping buffer (10% SDS,
0.025% bromophenol blue and 5% glycerol). The reaction
products were analyzed by electrophoresis on 1% agarose gel
using a TBE buffer with 0.1% SDS (89 mM Tris-HCI, 89 mM
boric acid and 62 mM EDTA) at 45 V for 3 h, stained by EB
(0.5 ug/ml) and photographed using a short wavelength UV
lamp on a Tocan 360 gel scanner. The assay was conducted in
duplicates.

Results

Determination of the molar ratio of PPAH/copper(Il). PPAH
has potential coordination atoms. Thus, in the presence
of copper ions, a new species may be formed as a copper
complex. To determine the molar ratio of PPAH to copper
ions, the absorption spectra of varied concentrations of PPAH
in water at a fixed copper concentration were recorded. As
shown in Fig. 2, the copper(II) solution had no absorption
in the investigated range of wavelength (240-400 nm). After
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Figure 3. Inhibitory effect on cell proliferation of PPAH and its copper complex. (a) Inhibitory effect on cell proliferation of PPAH and its copper complex
against HCT-116 cells; 50% at >60 uM for PPAH, 50% at 1.90+0.20 uM for the copper complex. (b) Inhibitory effect on cell proliferation of PPAH and
its copper complex against HepG2 cells; 30% at 125 uM for PPAH and 50% at 2.75+0.30 yM for the copper complex. PPAH, 2-pyridinecarboxaldehyde
2-pyridinecarboxylic acid hydrazone.
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Figure 4. The gene regulation by PPAH and its copper complex (24 h incubation). (a) HepG2 cells were treated with the agents. Lane 1, 80 M PPAH;
lane 2,40 uM PPAH; lane 3, control; lane 4, 2.5 uM PPAH-Cu complex; lane 5, 5 uM PPAH-Cu complex. (b) HCT-116 cells were treated with the PPAH-Cu
complex. Lane 1, control (without PPAH-Cu complex); lane 2, 2.5 uM PPAH-Cu complex; lane 3, 5 uM PPAH-Cu complex. PPAH, 2-pyridinecarboxaldehyde

2-pyridinecarboxylic acid hydrazone.

addition of PPAH to the copper solution a new absorption
at ~350 nm was noted, which was different from the PPAH
absorption (~310 nm), indicating that a copper complex had
formed. To further determine its composition, a series of
solutions was prepared in which the concentration of CuCl,
was held constant while that of the PPAH was varied. The
absorbance of each solution was measured (Fig. 2a) and
plotted vs. the molar ratio of Cu(II)/PPAH (Fig. 2b). From
Fig. 2, a 1:1 molar ratio of Cu(II)/PPAH was determined. It
was reported that the coordination geometry of 2-pyridin-
ecarboxaldehyde benzoyl hydrazone with copper complexes
has been described as a tridentate chelator (16). In view of
the similarity of PPAH to the above ligand in chemistry,
the structure of the PPAH copper complex was tentatively
proposed (Fig. 1b).

Proliferation assay. To determine the potential antitumor
activity of the agents, the inhibitory effects on the prolifera-
tion of the HepG2 and HCT-116 cell lines was investigated by
MTT assay (Fig. 3). For both cell lines, the PPAH exhibited
moderate inhibition of proliferation, i.e. 50% growth inhibi-
tion at =60 M against HCT-116; ~30% growth inhibition at
=100 ¢M against HepG2 (Fig. 3a and b). The copper complex
exhibited excellent proliferation inhibition against the cell
lines. The ICy, value of the copper complex was 2.75+0.30 M
for the HepG2 cells, an ~45-fold increase in proliferation
inhibition compared to that of PPAH. A similar trend against
the HCT-116 cell line was also observed. The IC, value of
the copper complex was 1.90+0.2 yuM, an ~30-fold increase,
which demonstrated that the copper complex exhibited excel-
lent antitumor activity.
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Figure 5. PPAH and its copper complex cause cellular DNA fragmentation. (a) Control, (b) 40 uM PPAH, (c) 80 uM PPAH, (d) 1.5 uM PPAH-Cu complex,
and (e) 2.5 uM PPAH-Cu complex. The cells were treated with the agents for 48 h. PPAH, 2-pyridinecarboxaldehyde 2-pyridinecarboxylic acid hydrazone.
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Figure 6. Cell cycle arrest by PPAH and its copper complex. (a) Control, (b) 40 uM PPAH, (c) 80 uM PPAH, (d) 2.5 uM PPAH-Cu complex, (¢) S uM PPAH-Cu
complex. PPAH, 2-pyridinecarboxaldehyde 2-pyridinecarboxylic acid hydrazone.

Effect of PPAH and its copper complex on the expression of
apoptotic genes. ROS play a crucial role in cell growth and
apoptosis. To reveal the mechanism of action of PPAH and its
copper complex, RT-PCR was conducted to determine changes
in expression of apoptotic genes, such as bcl-2, bax, p53,
caspase-3 and -8 at the mRNA level after HepG2 cells were
treated with PPAH (Fig. 4a) or its copper complex (Fig. 4b) for
48 h. The investigated genes were not evidently regulated by
the agents. bcl-2 downregulation and bax upregulation were

not observed, which normally occurs in ROS-related apop-
tosis. Similar analysis was conducted using the HCT-116 cell
line. Except for PPAH due to its lesser toxicity, slight changes
in the levels of the apoptosis-related genes were observed in
the PPAH-Cu-treated cells. To ascertain whether ROS are
involved in the proliferation inhibition, ROS production was
investigated in vitro. The results indicated that the PPAH-Cu
complex was non-redox active and did not lead to DNA frag-
mentation (data not shown). This was also consistent with the
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Figure 7. Top inhibition of PPAH and its copper complex. I, supercoiled DNA; II nicked DNA; III, relaxed DNA. (a) Lane 1, 150 xM PPAH; lane 2, 100 uM
PPAH,; lane 3, 50 uM PPAH,; lane 4, pUCI1S; lane 5, pUCI18 + NE; lane 6, 30 uM PPAH-Cu; lane 7, 60 uM PPAH-Cu; lane 8, 90 uM PPAH-Cu. (b) Lane 1,
no PPAH; lane 2, pUCIS; lane 3, 6 uM PPAH-Cu; lane 4, 12.5 uM PPAH-Cu; lane 5, 25 uM PPAH-Cu; lane 6, 50 uM PPAH-Cu; lane 7, 75 uM PPAH-Cu;
lane 8, 100 uM PPAH-Cu; lane 9, 125 yM PPAH-Cu; lane 10, 150 uM PPAH-Cu. (c) Lane 1,75 uM PPAH,; lane 2, 50 uM PPAH; lane 3, 25 uM PPAH; lane 4,
pUCI8 only; lane 5, pUCI18 and without investigated agent; lane 6, 12.5 uM PPAH-Cu; lane 7, 25 uM PPAH-Cu; lane 8, 37.5 uM PPAH-Cu; lane 9, etoposide
control (3 mM). (d) Lane 1,75 uM PPAH; lane 2, 50 uM PPAH; lane 3,25 uM PPAH; lane 4, pUC18 only; lane 5, pUC18 and without investigated agent; lane 6,
12.5 uM PPAH-Cu; lane 7, 25 uM PPAH-Cu; lane 8, 37.5 uM PPAH-Cu; lane 9, etoposide (3 mM) control, electrophoresis in the presence of EB. PPAH,
2-pyridinecarboxaldehyde 2-pyridinecarboxylic acid hydrazone; EB, ethidium bromide.

results from the comet assay (Fig. 5). The DNA fragmentation
was only observed at a higher concentration and 48 h exposure
to PPAH and its copper complex.

PPAH and its copper complex induce S phase arrest. As
shown above, ROS production was not correlated to the
effect on inhibition of proliferation by PPAH and its copper
complex. Thus, we hypothesized that they may exert their
effect via disturbing the cell cycle. We therefore evaluated
the effect of PPAH and its copper complex on the cell cycle
using PI staining and flow cytometry. As shown in Fig. 6,
PPAH caused an accumulation of cells in the S-phase. The
percentage of cells in the S-phase was significantly increased
from 11.22 to 28.44 and 22.25% after treatment with 40 and
80 uM PPAH, respectively. The PPAH-Cu complex had a
similar effect when compared to PPAH; the S-phase popu-
lation increased from 11.22 to 26.11 (2.5 uM) and 23.87%
(2.5 uM), indicating that the agents have a similar mechanism
of action that involves effects on the cell cycle except with
differences at various concentrations.

DNA relaxation inhibition. Various transition metal complexes
have Top inhibition. To determine whether PPAH and its
copper complex recapitulate such activity, pUC18 plasmid
DNA was incubated with nucleic extract in the presence of
varied concentrations of the investigated agents, and reaction
products were analyzed by gel electrophoresis. As shown in
Fig. 7, PPAH exhibited very weaker inhibition even at a higher
concentration (Top I,>100 xM; Top I1>75 uM). The PPAH-Cu
complex exhibited dual Top inhibition. For type I, a ICs, value
of ~50 uM was noted; while type II inhibition was initial-
ized at 12.5 uM (Fig. 7b and c). To further reveal the action
mode of the copper complex in Top inhibition, the reaction

mixtures were subjected to electrophoresis on EtB-containing
agarose gel. As shown from the gel (Fig. 7d), the topology
was dominated by the intercalative dye, all closed circular
forms of DNA were positively supercoiled and migrated with
a similar rate. The Top II cleavage complex was identified by
comparison with the positive control of etoposide. However, in
our experiment, the Top II cleavage complex was not observed.
This situation may have occurred due to a lower Top II concen-
tration used in the assay. The mode of Top inhibition of the
PPAH-Cu complex was not clearly identified, but the cleaved
DNA (Fig. 7d) increased with increasing concentrations of
the copper complex implying that there was the possibility of
catalytic or ‘poisoner’ inhibition.

Discussion

Pyridoxal isonicotinoyl hydrazone and Dp44mT have been
extensively investigated for the treatment of different types
of cancers and they are also considered as iron chelators as
they disturb the homeostasis of this metal in cells. In terms
of the mechanism, they are involved in iron deprivation and
ROS enhancement (17,18). Although PPAH can enhance ROS
generation and lead to DNA fragmentation in Fenton reaction,
its cytotoxicity was found to be weak. In contrast, the PPAH-Cu
complex displayed excellent antitumor activity. This seem-
ingly contradictory phenomenon was reported for derivatives
of 4-pyridine carboxylic acid hydrazide; Fe chelation efficacy
is not always well correlated to the ability of a ligand to inhibit
proliferation (19), indicating that ROS contributed less to their
cytotoxicity. Comet assay has been widely used to evaluate
ROS-induced DNA fragmentation. In the present study,
cellular DNA fragmentation was only observed following a
48-h exposure of the agents, demonstrating that ROS were
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less involved in the proliferation inhibition. To seek further
evidence, RT-PCR was conducted to clarify whether the ROS
were involved in the cell proliferation inhibition. As expected,
the gene expression of bcl-2, bax, p53 and caspase at the
mRNA level was not obviously changed following exposure
of the agents for 24 or 48 h. It has been demonstrated that Bax
and Bcl-2 are apoptosis-related genes and Bax upregulation
and Bcl-2 downregulation are indicative of apoptosis (20,21).
There were no changes in the investigated genes at the mRNA
level which further suggested that proliferation inhibition by
PPAH and its copper complex did not involve ROS generation.

Copper exhibits numerous biological processes as a
co-factor of enzymes and angiopoiesis. A strategy using
copper depletion therapy has been proposed to prevent the
spread of cancers (22). Copper complexes have significant
anticancer activity (23,24), yet the underlying mechanism is
largely unknown. It has been reported that copper complexes
induce cell death by causing double-strand DNA breakage
and inhibition of Top function (25,26), thus the PPAH copper
complex in the present study may share a similar mechanism of
action. To test the hypothesis, DNA relaxation assay was carried
out. It was found that the PPAH-Cu complex exhibited dual
Top inhibition; type II Top inhibition was initiated at ~10 xM,
while type I Top inhibition appeared to require a slightly higher
dose (~40 yM). In contrast, PPAH had no obvious inhibitory
effect, thus it could be speculated that the excellent antitumor
activity of the PPAH-Cu complex may be closely correlated
to its dual Top inhibition. Top inhibition by metal complexes
has been reported in many studies. Metal complexes inhibited
either Top I or Top I, such as 9-methyl-[1,10]phenanthroline-2-
carboxylic acid cobalt complex (27), oxindolimine copper(II)
complexes (28), organoplatinum(II) complexes (29) and Ru(II)-
polypyridyl complexes (30). Yet, metal complexes acting as
dual Top inhibitors are few. The PPAH-copper complex in
the present study and ruthenium(II) anthraquinone complexes
are the only two examples (31). It should be noted that the
ligands were all fused aromatic compounds in the above
mentioned metal complex, while in the present study PPAH
was a simple pyridine derivative. There are many modes of
interaction between Topoisomerases and their inhibitors, such
as competitive ATP binding, poisoning DNA-Top covalent
complex and allosteric effect on disturbing unwinding
DNA helix. In the present study, the PPAH-Cu complex and
etoposide appeared to possess similar action causing DNA
cleavage; thus, the ‘poisoner’ of the Top II cleaved complex
for the PPAH-Cu complex may be possible. Top inhibition
normally leads to cell cycle arrest at the G2/M phase, yet
S phase arrest was recently reported (32). The PPAH-Cu
complex induced S-phase arrest at much lower concentrations
that may be indicative of retarded DNA topology during DNA
replication following exposure of the investigated agents. The
PPAH-Cu complex was prepared in water and had excellent
antitumor activity, yet PPAH-Fe?* did not possess activity (data
not shown), indicating that the geometry of the ligand induced
by metal ions plays an important role in the inhibitory effect
on cell proliferation.

In conclusion, the PPAH-Cu complex had significant prolif-
eration inhibition compared to PPAH. The RT-PCR and comet
assay indicated that ROS were less involved in the antitumor
activity, yet the DNA relaxation assay provided new insight,

1317

revealing that the PPAH-Cu complex displayed dual Top
inhibition in contrast to PPAH. Thus, the proliferation inhibi-
tion of the PPAH-Cu complex may mainly stem from its dual
Top inhibition. Notably, Top inhibitors normally are coplanar
aromatic compounds even in various metal complexes, and
lack of fused aromatic cyclic compound as Top inhibitor is
rare. Thus, the PPAH copper complex in the present study may
be a novel dual Top inhibitor. However the detailed mecha-
nism, particularly Top inhibition in vivo, and the interaction
model between the copper complex and topoisomerase require
further investigation.
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