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Redox cycling of a copper complex with benzaldehyde nitrogen
mustard-2-pyridine carboxylic acid hydrazone contributes to
its enhanced antitumor activity, but no change in
the mechanism of action occurs after chelation
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Abstract.Many anticancer drugsused inthe clinical have potent
metal chelating ability. The formed metal complex(es) may
exhibit improved (or antagonistic) antitumor activity. However,
the underlying mechanism has received limited attention.
Therefore, investigation of the mechanism involved in the
change upon chelation is required to extend our understanding
of the effects of various drugs. In the present study, the
proliferation inhibition effect of benzaldehyde nitrogen
mustard-2-pyridine carboxylic acid hydrazone (BNMPH)
and its copper complex on tumor cell lines was investigated.
The copper chelate exhibited almost a 10-fold increase in
antitumor activity (with ICs, <5 uM). The results showed
that both BNMPH and its copper complex induced reactive
oxygen species (ROS) generation, and caused upregulation
of caspase 8 and Bax as well as the downregulation of Bcl-2,
indicating that apoptosis was involved in the cytotoxic effects.
DNA fragmentation noted in the comet assay further supported
ROS involvement. The present study indicated that BNMPH
and its copper complex effectively induced S phase arrest and
the cell cycle arrest was associated with the downregulation
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of cyclin DI1. The formation of acidic vesicular organelles
(AVOs) and an increase in cleaved LC3-II demonstrated that
autophagy occurred in the HepG2 cells treated with the agents.
Taken together, BNMPH and its copper complex exhibited
proliferation inhibition via apoptosis, cell cycle arrest and
autophagy, which was dependent on ROS. The enhanced
antitumor activity of the copper complex was due to its redox-
cycling ability, but the mechanism was not altered compared
to BNMPH. Our findings may significantly contribute to the
understanding of the anti-proliferative effect of BNMPH and
its copper complex.

Introduction

Cancer is one of the most deadly diseases, and chemotherapy
is still the main treatment option (1). Alkylating agents are
a class of anticancer drugs which act by inhibiting the tran-
scription of DNA into RNA thereby halting protein synthesis.
Nitrogen mustard was the first used DNA alkylating agent,
which launched the modern era of cancer chemotherapy, while
the discovery of cisplatin cis-diamminedichloroplatinum (1)
was one of the most significant events due to its high effec-
tiveness in treating a variety of cancers (2). However the
side-effects of these agents (toxicity to the bone marrow and
gastrointestinal tract) limit their wide use. Thus, identification
of new anticancer drugs to improve therapeutic effectiveness
and selectivity is currently a ‘hot’ topic in medicine science.
To minimize the side-effects, different strategies have been
proposed, such as conjugation with an encapsulation of drugs
into albumin nanoparticles (3), antibody-directed conju-
gates (4) and DNA-directed conjugates (5,6) in an attempt
to improve the selectivity of drugs, but few have achieved
successful clinical results.

Many drugs used in the clinic have potent chelating ability,
such as doxorubicin, ciprofloxacin, mercaptopurine and
chloroquine, and have been shown to form metal complexes
in vitro or in vivo (7-9). In vitro studies have demonstrated that
the formed metal complexes exhibit enhanced (synergism)
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antitumor activity (10), indicating that their cytotoxicity
at least partially is related to their metal chelating ability.
Moreover, this circumstance was also found in many other
metal complexes, in which the ligands have or do not have
biological activity (8,10,11). Normally, we use the ambiguous
term, ‘synergism’ to describe this phenomenon; however,
whether or not the metal complexes exhibit enhanced activity
via a mechanism similar to the ligands has received less atten-
tion. This has hampered our understanding and identification
of various drugs. Therefore, investigation of the differences in
these mechanisms is crucial.

In a previous study, we conjugated DNA alkylating agent
(benzaldehyde nitrogen mustard) with a metal chelator (pyri-
dinecarboxylic acid hydrazide) to utilize cell cycle non-specific
nitrogen mustard and ROS generation of the chelator upon
capturing iron from a labile-iron pool. Thus, it may enhance
their effectiveness by a multi-target mode of action (12,13).
As predicted, the conjugates indeed had stronger antitumor
activity compared to the chelator or the DNA alkylating agent.
Notably, we found that the copper complexes formed by the
conjugates had excellent antitumor activities, as found in
numerous studies (14-16). Unfortunately, few related studies
have revealed the underlying mechanism (14,17). In order to
extend our previous study, in the present study the antitumor
mechanism of action of benzaldehyde nitrogen mustard
2-pyridine carboxylic acid hydrazone (BNMPH) and its
copper complex against different cell lines was investigated.
The results indicated that both agents shared a similar mecha-
nism of action via ROS generation, cell cycle arrest, apoptosis
and autophagy. Yet, the difference in ROS formation which
occurred for the copper complex was involved in Fenton-like
redox cycling, which may have contributed to its enhanced
antitumor activity compared to BNMPH.

Materials and methods

Materials. All reactants and solvents were AR grade. MTT,
ethidium bromide (EB), RPMI-1640 medium and agarose
were purchased from Sigma. LC3 antibody was obtained from
Proteintech Group (Wuhan, China); cyclin D1, caspase 8,
[-actin, Bax and Bcl-2 were purchased from Boster (Wuhan,
China).

Preparation of benzaldehyde nitrogen mustard-2-pyridine
carboxyl acid hydrazone (BNMPH) and its copper complex.
BNMPH and its copper complex were prepared as previ-
ously described (13). The synthesized BNMPH was also
characterized by NMR. '"HNMR: 11.85(s, H), 8.72(d, H,
J=4Hz), 8.53(s, H), 8.14(d, H, J=8 Hz), 8.08(m, H), 7.67(m, H),
7.59(d, 2H, J=8 Hz), 6.87(d, 2H, J=8 Hz), 2.53(d, 2H, J=4Hz).

The structure of the BNMPH copper complex based on
previous characterization is shown in Fig. 1A.

Proliferation inhibition of BNMPH and its copper complex.
Stock solutions of the agents were prepared in dimethyl-
sulfoxide (DMSO). 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 in the exponential growth
phase (2x10°/ml) were seeded equivalently into a 96-well plate
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and various concentrations of the BNMPH-Cu complex (or
BNMPH) were added after the cells were adherent. Following
a 48-h incubation at 37°C in a humidified atmosphere of 5%
CO,, 10 ul MTT solution (5 mg/ml) was added to each well,
followed by further incubation for 4 h. The cell culture was
removed by aspiration, and DMSO (100 ul/well) was added
to dissolve the formazan crystals. The measurement of
absorbance of the solution in relation to the number of live
cells was performed on a microplate reader (MK3; Thermo
Scientific) at 570 nm. Percent growth inhibition was defined as
the percentage of absorbance decrease within the appropriate
absorbance in each cell line. The same assay was performed
in triplicate.

ROS detection. H,DCF-AM is converted to dichlorofluorescein
(DCF) according to a study by Jakubowski and Bartosz (18).
Briefly, 0.25 ml of 2 mM H,DCF-AM in absolute ethanol
was added to 2.0 ml of 10 mM NaOH and allowed to stand
at room temperature for 30 min. The hydrolysate was then
neutralized with 10 ml of 25 mM sodium phosphate buffer
(pH 7.2) and kept on ice for use. Reaction mixtures contained
0.4 uM DCEF in 50 mM sodium phosphate buffer (pH 7.4)
and eventual addition of 25 ul of 1 mM NH,FeSO, or | mM
BNMPH in a total volume of 4.0 ml. After addition of 0.2 ml
of 4 mM H,0,, fluorescence was measured using an FC-960
spectrofluorimeter (excitation at 488 and emission at 525 nm).
The measurements were conducted at room temperature.

Measurement of intracellular ROS production. The intra-
cellular ROS production was measured according to the
manufacturer's recommendations (Beyotime Biotechnology,
Beijing, China). Approximately 1x10° HepG2 cells were
collected and washed with phosphate-buffered saline (PBS).
The cell pellet was resuspended in DCFH-DA containing
serum-free culture medium and incubated for 30 min. The
stained cells were re-collected and washed with serum-free
culture medium. Then, 100 pl of the cells was transfered to
PCR tubes and the test compound was added. Following a
1-h incubation, the cell suspension was used directly for ROS
determination on an FC-960 spectrofluorimeter by excitation
at 488 nm and emission at 525 nm.

Comet assay. The comet assay was adapted as previously
described (19). HepG2 cells were treated with or without the
investigated agents (40 and 80 M for BNMPH, or 2.5 and
5 uM for the BNMPH-Cu complex) with a 24-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 pl aliquot of this cellular suspension
was then spread onto duplicate frosted slides that had previ-
ously been covered with 1% normal melting point agarose as
a basal layer. Slides were allowed to solidify for 10 min at
4°C before being placed in lysis buffer for 1 h [2.5 M NacCl,
0.1 M ethylene diamine tetraacetic 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



1638

in 0.4 M Tris-HCI pH 7.4, the slides were stained with EB
(20 ug/ml) and covered with a coverslip. The images were
captured using fluorescence microscopy.

Gene regulation of BNMPH and its copper complex. Total
RNA was extracted from the cells treated with the investigated
agents for 24 h using TRIzol reagent (Sangon, Shanghai,
China) according to the manufacturer's protocol. Two micro-
grams of total RNA was used for reverse transcription in a
total volume of 20 pl with the M-MLV reverse transcriptase
system (LifeFeng Biological Technology Corp., Shanghai,
China). Two microliters of cDNA was subsequently amplified
in a total volume of 20 ul using the 2X Taq PCR kit (LifeFeng
Biological Technology Corp.) according to the conditions
recommended by the manufacturer. The sense and antisense
primers (synthesized by Shanghai Generay Bioengineering
Co. Ltd., Shanghai, China) for (3-actin were 5'-ACACTGTG
CCCATCTACGAGG-3' and 5'-CGGACTCGTCATACT
CCTGCT-3' (615 bp) that were used as an internal control. The
sense and antisense primers for caspase 8§ were 5'-AAG
TTCCTGAGCCTGGACTACAT-3' and 5-ATTTGAGCCC
TGCCTGGTGTCT-3' (227 bp). The sense and antisense
primers for bcl-2 were 5“TTACCAAGCAGCCGAAGA-3' and
5TCCCTCCTTTACATTCACAA-3' (309 bp). The sense and
antisense primers for bax were 5'-TTTTGCTTCAGGGT
TTCATC-3' and 5-GGCCTTGAGCACCAGTTT-3' (299 bp).
The sense and antisense primers for cyclin D1 were 5'-CTG
GATGCTGGAGGTCTGCGAGGA-3' and 5-TGAACTTCA
CATCTGTGGCACAGA-3' (400 bp), respectively. RT-PCR
was performed on a Nexus Gradient Mastercycler (Eppendorf).
The cycling conditions consisted of 94°C for 5 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. PCR prod-
ucts were separated on a 1.5% agarose gel and viewed by DNA
green staining. The data were acquired using Tocan 360 gel
imager (version 3.2.1 software).

Western blotting was employed to assess the related
gene expression at the protein level. Briefly, 1x10” HepG2
cells treated with or without the agents were scraped off in
lysis buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1.0%
NP-40, 10% glycerol and protease inhibitors) and subjected
to sonication, following spin down by centrifugation at
14,000 x g. The clear supernatant was stored at -80°C. The
protein concentration was determined using a colorimetric
Bio-Rad DC protein assay on a microplate reader MK3 at
570 nm. Proteins (30 pg) were separated on a 13% sodium
dodecyl sulfate-polyacrylamide gel at 200 V for 1 h. Then, the
separated proteins were subsequently transferred onto a PVDF
membrane at 60 V for 1 h. The membrane was washed three
times with tris-buffered saline (TBS) and was then blocked
for 2 h in TBS containing 0.1% Tween-20 and 5% non-fat
skimmed milk. The membrane was incubated at 4°C overnight
with the primary monoantibody used at a dilution of 1:300 in
TBS plus 0.1% Tween-20 (TBST). The membrane was washed
several times with TBST and was subsequently incubated with
HRP-conjugated secondary antibody (1:2,000 in TBST) for
1 h at room temperature. After another wash of the membrane
with TBST, the protein bands were detected using a super
sensitive ECL solution (Boster Biological Technology Co.
Ltd.), and visualized on a Tocan 360 gel imager.
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Cell cycle analysis. HepG?2 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 xM for BNMPH, or 2.5 and 5 #M for
the BNMPH-Cu complex). After 24 h of incubation, the cells
were harvested with trypsin, followed by washing with PBS,
fixed in 70% ethanol and stored at -20°C. The cellular nuclear
DNA was stained using 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).

BNMPH and its copper complex induce autophagy. Cells were
seeded into a 24-well flask and treated as described above for
the cell viability assay. The cells were treated with different
concentrations of the agents (20 and 40 uM for BNMPH, or
2.5 and 5 uM for the copper complex) for 24 h. For detec-
tion of the acidic cellular compartment, acridine orange (or
LysoTracker Red; Invitrogen) was used, which emits bright red
fluorescence in acidic vesicles but green fluorescence in the
cytoplasm and nucleus. After treatment of the cells with the
agent, acridine orange was then added at a final concentration
of 1 ug/ml (the concentration of LysoTracker Red, as recom-
mended) for a period of 15 min. Following PBS washing,
the fluorescent micrographs were captured using an inverted
fluorescence microscope.

Results

Cytotoxicity of BNMPH and its copper complex. Previous
studies have demonstrated that BNMPH exhibits a prolifera-
tion inhibitory effect against several tumor cell lines (12,13),
and its copper complex exhibits much stronger inhibitory
activity (12). To probe the underlying mechanism, more tumor
cell lines were used to investigate the proliferation inhibi-
tion of BNMPH and its copper complex. The dose-response
curves of BNMPH-Cu and BNMPH against HepG2 and
HCT-116 cell lines are depicted in Fig. 1B and C. As shown
in Fig. 1B and C, BNMPH exhibited moderate growth inhi-
bition in the HepG2 (ICs, 31.6+1.7 yuM) and HCT-116 cell
lines (ICs,, 44.1+1.5 pM); however, the BNMPH-Cu complex
exhibited a ~10-fold increase in proliferation inhibition (ICs, at
3.5+0.8 uM for HepG2, and 4.5+0.5 uM for HCT-116, respec-
tively). The significant increase was not fully understood based
on a synergistic effect between the ligand and copper for the
copper ion was not toxic at the investigated concentration, thus
it was important to probe the potent mechanism.

BNMPH and its copper complex induce ROS generation.
The aim of the introduction of a chelator into an alkylating
agent is to enhance ROS production. Thus, it was necessary
to determine whether the BNMPH-metal (iron and copper)
complex was redox active in Fenton-like reaction since the
cytotoxicity of many drugs is correlated with ROS production.
As shown in Fig. 2A, BNMPH-Fe significantly promoted ROS
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Figure 1. The structure of BNMPH and its copper complex (BNMPH-Cu) and their proliferation inhibition effects. (A) Chemical structure of BNMPH-Cu.
Cytotoxicity of BNMPH and BNMPH-Cu against the (B) HepG2 cell line (ICs,, 31.6+1.7 uM for BNMPH and 3.5+0.8 M for BNMPH-Cu); and the (C) HCT-

116 cell line (ICs, 44.1+1.5 uM for BNMPH and 4.5+0.5 M for BNMPH-Cu).
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Figure 2. BNMPH and its copper complex (BNMPH-Cu) induce ROS in vitro and in vivo. (A) In vitro ROS generation by BNMPH's iron or copper complex
involved Fenton-like reaction, the ROS content was measured by DCF fluorescence. The ability of ROS generation was enhanced by the addition of Vc in
BNMPH-Cu involved reaction compared to copper iron; (B) in vivo, the ROS production after exposure of the BNMPH and its copper complex. The DMSO

control was also included.

generation based on the DCF fluorescence intensity. Similarly
the BNMPH-Cu complex exhibited the same behavior in the
Fenton-like reaction except it had weaker ability. However, the
ROS level was significantly increased when the BNMPH-Cu
was reduced by ascorbic acid (Vc) compared to that of the
copper ion, implying that BNMPH-Cu in a reduced envi-
ronment was more efficient at ROS generation. To further
determine the correlation between ROS and cytotoxicity
in vivo, the HepG2 cells were treated with the agents and
stained using DCFH-DA. As shown in Fig. 2B, both BNMPH
and its copper complex induced ROS formation, indicating
that ROS were involved in the proliferation inhibitory activity
of the agents. It was noted that BNMPH-Cu had a much
stronger ability to induce ROS, while the ability of BNMPH
was weaker in vivo. The difference in ROS generation in vivo
may suggest that both agents used a different mode to generate
ROS. The copper complex may utilize redox cycling, while
BNMPH may depend on the availability of a labile iron pool
or another pathway.

BNMPH and its copper complex induce cell apoptosis. ROS
play a crucial role in cell growth and apoptosis. ROS genera-
tion induced by BNMPH and its copper complex prompted
us to investigate the underlying molecular mechanism. Thus,
RT-PCR was conducted to determine the changes in apoptotic
genes in the HepG2 cells following treatment with BNMPH or
its copper complex. As shown in Fig. 3A, the expression levels of
caspase 8 and Bax were increased, while Bcl-2 was not evident
at the mRNA level. To further confirm that the cytotoxic effects
of the agents involved apoptosis, western blotting was used to
determine the changes in levels of the corresponding proteins.
As expected, an increase in caspase 8 and Bax, and a decrease
in Bcl-2 were observed in the cells following exposure to the
agents (Fig. 3B), indicating that they exhibited cytotoxicity via
apoptosis and shared a similar pathway.

Cellular DNA fragmentation by BNMPH and its copper
complex. It is well documented that ROS cause genetic DNA
breakage of host cells and contribute to cytotoxicity. To further
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Figure 3. The effect of BNMPH on the regulation of apoptosis-related genes in HepGl cells in the absence or presence of the agents after incubation for 24 h.
(A) Gene regulation at the mRNA level: lane 1,40 xM BNMPH; lane 2, 20 uM BNMPH; lane 3, 0.75% DMSO; lane 4, 3 uM BNMPH-Cu; lane 5, 4.5 yuM
BNMPH-Cu. (B) Gene regulation at the protein level: lane 1, 0.5% DMSO; lane 2, 12.5 uM BNMPH; lane 3, 25 yM BNMPH; lane 4, 0.75% DMSO; lane 5,

1.5 uM BNMPH-Cu; lane 6, 3 uM BNMPH-Cu.

A '- C.
Ij. E-

Figure 4. In vivo DNA fragmentation (comet tail) and ROS generation caused by BNMPH and its copper complex. Comet tail assay: (A) control; (B) 20 uM
BNMPH; (C) 40 uM BNMPH; (D) 1.5 M BNMPH-Cu; (E) 3 xM BNMPH-Cu.

support the effect of ROS on genetic DNA, the comet assay
was conducted. As shown in Fig. 4, the comet tails were clearly
observed following exposure to BNMPH (Fig. 4B and C) or its
copper complex (Fig. 4D and E), indicating that both agents
caused cellular DNA fragmentation. However, it was obvious
that the copper complex caused DNA fragmentation more
rapidly as it required a much lower concentration compared to
BNMPH, which was consistent with the result from the ROS
generation in vivo (Fig. 2B).

BNMPH and its copper complex induce cell cycle arrest at the
S phase. It has been reported that ROS induce cell cycle delay
and arrest cell cycle progression at the G1/S boundary (20).
We, therefore, evaluated the effect of BNMPH and its copper
complex on the cell cycle distribution using PI staining and
flow cytometry. As shown in Fig. 5, BNMPH caused an accu-
mulation of cells in the S phase. The percentage of cells in the
S phase was significantly increased from 25.60% to 69.50 and
35.45% after treatment with 20 and 40 uM BNMPH, respec-
tively (Fig. 5B and C). Similarly, the percentage of cells in the

S phase was significantly increased from 25.60% to 33.96 and
43.94% after treatment with 1.5 and 3 M of the BNMPH-Cu
complex (Fig. 5D and E), indicating that BNMPH and its
copper complex exerted a similar effect on the cell cycle.

Change in lysosomal (autophagosome) membrane perme-
ability (LMP) in cells following exposure to BNMPH and
its copper complex. It has been demonstrated that caspase 8
plays a significant role in the engagement of the lysosomal
death pathway and Bax is translocated from the cytosol to the
lysosomal membrane, indicating that these proteins regulate
lysosomal membrane integrity (21). Treatment with BNMPH
and its copper complex resulting in upregulation of caspase 8
and Bax (Fig. 3B) may also affect LMP and autophagosome
membrane permeability. To test this hypothesis, Lysolracker
Red, that accumulates within lysosomes, was used to assess
the LMP (22). As shown in Fig. 6A-C, the red fluorescence
intensities of the HepG2 cells were significantly increased
after exposure to BNMPH and its copper complex, indicating
that the LMP was altered. Using a similar procedure, the
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Figure 5. Cell cycle distribution of HepG2 cells following treatment with various concentrations of BNMPH and its Cu complex. (A) Control, (B) 20 uM
BNMPH, (C) 40 xM BNMPH, (D) 1.5 M BNMPH-Cu, (E) 3 yM BNMPH-Cu.
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Figure 6. BNMPH and its copper complex induce autophagy (or changes in LMP) in HepG2 cells. (A) LysoTracker Red stained HepG2 cells (control),
(B) 20 M BNMPH, (C) 1.5 uM BNMPH-Cu, (D) control, (E) 20 uM BNMPH, (F) 40 uM BNMPH, (G) 1.5 uM BNMPH-Cu, (H) 3 M BNMPH-Cu.

(I) Immunoblotting of molecular markers of autophagy in the presence or absence of the investigated agents: lane 1,20 uM BNMPH; lane 2, 40 M BNMPH;
lane 3, control; lane 4, 1.5 uM BNMPH-Cu; lane 5, 3 uM BNMPH-Cu for 24 h.

autophagosomes were stained by acridine orange (Fig. 6D-H).  observed in the HepG2 cells following treatment with the
As expected, the red fluorescence in acidic vacuoles was  agents when compared to the control (Fig. 6D), suggesting that
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the agents may induce autophagy. To further determine the
involvement of autophagy, the microtuble-associated protein
light chain 3 (LC3), an autophagosome marker, was detected by
western blotting. An increase in cleaved LC3-II and a decrease
in LC3-I indicated that autophagy occurred after exposure of
the cells to the agents (Fig. 61). In view of the involvement of
apoptosis, autophagy may be an apoptosis-associated phenom-
enen. The results demonstrated that BNMPH and its copper
complex had a similar action of mechanism. A difference was
noted only in the concentration applied; the copper complex
appeared to have a stronger effect than BNMPH in regards to
the destruction of LMP.

Discussion

Alkylating agents are a class of antineoplastic drugs. They
substitute alkyl groups for hydrogen atoms on DNA, resulting
in the formation of crosslinks within the DNA chain thereby
resulting in cytotoxic, mutagenic and carcinogenic effects.
Caspase-dependent apoptosis, ROS generation and mitochon-
drial damage are frequently observed concurrently in cells
exposed to anticancer drug treatment (20). Copper complexes
exhibiting enhanced cytotoxicity when compared to the
ligand alone in cancer cells have been observed in numerous
studies (23,24). The potent mechanisms proposed to interpret
their biological activities include via the lysosome (25), protea-
some (17) or inducing oxidative stress (22,26). We introduced
a chelation group into an alkylating agent, which may chelate
iron (or the copper ion) from a labile iron (copper) pool, and
the iron (copper) chelate may be redox active and participate in
the Fenton-like reaction to generate ROS, thus improving the
cytotoxic effect of the drugs. As expected, BNMPH exhibited
significant antitumor activity, and notably the formation of
the copper complex markedly enhanced its antitumor activity
compared to the ligand (Fig. 1B and C) as shown in previous
research (12). However, the underlying mechanism has received
limited attention. As an extended study, we evaluated the
effect of BNMPH on the Fenton reaction, a well documented
ROS generation system. We found that both BNMPH-Fe and
BNMPH-Cu complexes were redox active, promoting ROS
production in vitro. To support this finding, we determined
whether or not the cytotoxicity of these agents was related
to ROS. An assay in vivo was conducted and showed that the
copper complex was more efficient than BNMPH in ROS
generation (Fig. 2A and B), which may be correlated with the
enhanced cytotoxicity. Thus, we speculated that the prolifera-
tion inhibitory effect of both BNMPH and its copper complex
is closely related to their capacity for ROS induction except
that DNA alkylation and the cytotoxicity of the BNMPH-Cu
complex involved redox cycling, while the weaker activity of
BNMPH may reflect its weaker binding ability of capturing
iron from the labile iron pool. It has been demonstrated that
ROS induce many biological effects including lipid oxidation
and DNA fragmentation, which contribute to cytotoxicity (27).
To find the correlation between ROS and DNA cleavage,
a comet assay was also conducted. The results indicated
that BNMPH-induced cellular DNA breakage required a
higher dose, while its copper complex required a much lower
dose (Fig. 4A-E), which was consistent with the ROS assay
in vivo and correlated positively with their cytotoxicity.
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Apoptosis (programmed cell death) is a cascade of events
leading to the upregulation of caspases through intrinsic
and extrinsic pathways. Induction of apoptosis by ROS has
been previously demonstrated (28,29). In the present study,
both BNMPH and its copper complex induced massive ROS
formation which indicated the antitumor activity of the agents
may be via the apoptosis pathway. Therefore, the expression
levels of apoptosis-related genes were evaluated. As expected,
expression levels of caspase 8 and Bax were upregulated, while
the expression level of Bcl-2 was downregulated in a dose-
dependent manner (Fig. 3A and B), as demonstrated previously
in many studies (26,29), supporting that ROS mediate caspase
activation and apoptosis (30). The cell cycle checkpoint is
an important target for various drugs, and ROS-induced
cell cycle arrest has been previously demonstrated (31,32),
BNMPH and its copper complex may have similar action. Flow
cytometry was used to investigate their effect on the cell cycle
of HepG2 cells. Both agents induced cell cycle arrest in the
S phase (Fig. 5A-E), indicating they exhibited a similar action
on the cell cycle. To understand the above phenomenon, the
gene expression of cyclin D1, an S phase cell cycle gate keeper
protein was evaluated, and downregulation of cyclin D1 was
observed (Fig. 3B). It has been demonstrated that cyclin D1
must be suppressed in favor of entry to the S phase for it has
the capacity to inhibit DNA synthesis by virtue of its ability to
bind the critical regulator of DNA synthesis, PCNA (33). Both
BNMPH and its copper complex downregulated cyclin D1
expression in a dose-dependent manner, indicating that they
share a similar mechanism by which to disturb cell progres-
sion. Although the decrease of cyclin D1 favored entry of the
cell to the S phase, the delay during the DNA synthesis may
have another reason. It is well known that DNA alkylating
agents, in principle, can alkylate DNA via interstrand or intra-
strand crosslinking, leading to DNA lesions. BNMPH (or its
copper complex) tethers an aromatic mustard that alkylates
cellular DNA. The ICL can lead to a stalled replication fork
in the S phase (34), and likely activate the cell cycle check-
point and then arrest cells at the late S to G2 (35) to repair the
DNA damage (36,37). Masta er al demonstrated that nitrogen
mustard can inhibit transcription and translation in a cell-free
system (38). The inhibition by BNMPH and its copper complex
as determine by PCR in our study was also observed, indicating
that they may inhibit DNA polymerase (data not shown). Those
factors could affect the cell process and induce S phase arrest.

Autophagy is an evolutionarily conserved catabolic process
(also called type II programmed cell death), that functions in
degrading damaged proteins and/or organelles and recycling
the materials to maintain the quality of cellular compo-
nents (39). One characteristic of autophagy is the formation
of acidic vesicular organelles (AVOs) (40). ROS-triggered
autophagy has been widely investigated (41). We speculated that
the proliferation inhibition of BNMPH or its copper complex
may involve autophagy. This was preliminarily confirmed by
evaluation of the AVOs in HepG2 cells after treatment with the
agents using acridine orange staining. Granular red fluores-
cence in AVOs was formed in autophagosomes (Fig. 6D-H).
Further supportive evidence that autophagy was induced was
carried out by the immunofluorescence detection of LC3, a
marker of autophagy. A decrease in LC3-I and an increase
in LC3-II were clearly observed (Fig. 6I). Once autophago-
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somes are formed, subsequently, they fuse with lysosomes to
form autolysosomes in which the incorporated organelles are
degraded (42). The lysosome formation after exposure of the
agents determined by LysoTracker Red (Fig. 6A-C) was corre-
lated with autophagosome formation and both had a similar
trend, supporting the notion that the agents induced autophagy.
However, whether or not the induced autophagy was due to the
cytotoxicity of the agents or a host cellular response needs to
be determined, which may require subsequent study.

In conclusion, BNMPH and its copper complex suppressed
the growth of HepG2 and HCT-116 cell lines. The possible
molecular mechanisms involved were caspase-dependent
apoptosis, cell cycle arrest and autophagy, which are related to
their ability to generate ROS. The excellent antitumor activity
of BNMPH-Cu stemmed from its ability for redox-cycling
to generate massive ROS. The introduction of copper into
BNMPH (chelation) did not change the mechanism of action.
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