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a b s t r a c t

The interactions of a ruthenium porphyrin complex [(Py-3′)TPP-Ru(phen)2Cl]Cl (phen = 1,10-
phenanthroline, (Py-3′)TPP = 5-(3′-pyridyl-10,15,20-triphenylporphyrin) (1) and its heterometallic
derivatives, [Ni(Py-3′)TPP-Ru(phen)2Cl][PF6] (2) and [Cu(Py-3′)TPP-Ru(phen)2Cl][PF6] (3), with calf thy-
mus DNA have been investigated by spectroscopic and viscosity measurements in this study. The results
showed that these synthetic complexes can bind to double strand helix DNA in groove binding mode, and
the intrinsic binding constants of complexes 1, 2 and 3, as calculated according to the decay of the Soret
absorption, are (1.35 ± 0.5) ×105 M−1 (s = 4.2), (1.29 ± 0.5) × 105 M−1 (s = 5.6) and (1.22 ± 0.5) × 105 M−1

(s = 6.2) (s is the binding-site size), respectively, which are consistent with those obtained from ethid-
ium bromide-quenching experiments. Further investigations on the photocleavage properties of these
complexes on plasmid pBR 322 DNA showed that complexes 1, 2 and 3 could cleave single chain DNA
and convert DNA molecules from supercoiled form to the nicked form. As determined by MTT assay, the
complexes were also identified as potent antiproliferative agents against A375 human melanoma cells,

MCF-7 human breast adrenocarcinoma cells, Colo201 human colon adenocarcinoma cells and HepG2
human liver cancer cells. Complex 1 inhibits the growth of A375 cells through induction of apoptotic
cell death and G0/G1 cell cycle arrest. Further investigation on intracellular mechanisms indicated that
Complex 1 induced depletion of mitochondrial membrane potential (�� m) in A375 cells through regu-
lating the expression of pro-survival and pro-apoptotic Bcl-2 family members. Our results suggest that
ruthenium porphyrin complexes could be candidates for further evaluation as chemopreventive and

for h
chemotherapeutic agents

. Introduction

Porphyrins and their metalloporphyrins have been widely
tudied due to their spectroscopic and electrochemical properties,
nd novel biological activities. Ruthenium (Ru), a rare transi-

ion metal of the platinum group, possesses several favorable
roperties suited to rational anticancer drug design, such as
he higher coordination number by comparing with platinum,
hich could provide additional coordination sites that could

∗ Corresponding authors at: Department of Chemistry, College of Life Science and
echnology, The Second Science Engineering Building, Jinan University, Guangzhou
10632, PR China. Tel.: +86 20 8522 8321; fax: +86 20 8522 8321.
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ananliu.jl@gmail.com (W.-J. Zheng).

009-2797/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.cbi.2009.11.026
uman cancers.
© 2009 Elsevier Ireland Ltd. All rights reserved.

potentially be used to fine-tune the properties of the complexes
[1]. Ru porphyrin complexes have attracted much attention
over the last decade due to their application potential as anti-
cancer drugs [1–5] and novel DNA-binding abilities [6–8]. This
kind of complexes could bind to DNA by intercalating, groove
binding and electrostatic modes, and those ones with larger
aromatic intercalating ligands often show higher binding abilities
[9–11]. For instance, complexes with porphyrin coordinated to
two [Ru (bipy)2Cl]+ (bipy = 2,2-bipyridine) groups, could con-
vert plasmid pBR 322 DNA from the supercoiled to the nicked
form, and even to the linear form with the presence of light

[12]. Ru complexes attached to asymmetric porphyrins, such as
[Ru(L)2MPyTPPCl]Cl (L = bpy, phen or pip; bpy = 2,2-bipyridine;
phen = 1,10-phenanthroline; pip = 2-Phenyl-1H-1,3,7,8-tetraaza-
cyclopenta[l]phenanthrene; MPyTPP = 5-(4′-pyridine)-10,15,20-
triphenyl porphyrin), exhibited high affinity to nucleic acids,

http://www.sciencedirect.com/science/journal/00092797
http://www.elsevier.com/locate/chembioint
mailto:tliuliu@jnu.edu.cn
mailto:tzhwj@jnu.edu.cn
mailto:yananliu.jl@gmail.com
dx.doi.org/10.1016/j.cbi.2009.11.026


350 Y. Liu et al. / Chemico-Biological Interactions 183 (2010) 349–356

orphy

i
c
[

i
a
e
o
l
a
b
t
b
e
i
g
p
p
a
[
c
1
(
T
m
e
a
n
c

Scheme 1. Schematic routes for synthesis of Ru p

ncluding calf thymus DNA (CT-DNA), RNA and G-quadruplex, indi-
ating that this type of complexes has potential in chemotherapy
13–15].

However, studies also reported that the DNA-binding abil-
ties of Ru complexes were not positively related to their
ntitumor activities. One of the reasons should be their differ-
nce in the solubility, which may affect their effective crossing
f the cell membrane [16]. Thus, during the past years, a
ot of potent Ru porphyrin complexes have been designed to
chieve better solubility and greater chemopreventive efficacy
y structural modifications. Studies have revealed that the anti-
umor activity of Ru complexes can be significantly improved
y introducing hydrophobic porphyrin molecules [17–19]. For
xample, increase in lipid/water partition and membrane bind-
ng has been found in Ru complexes with cationic porphyrin
roups [20]. Schmitt and co-workers have shown that ruthenated
orphyrin, [Ru4(�6-C6H5CH3)4(TPP)Cl8] (TPP = 5,10,15,20-tetra(4-
yrid-yl) porphyrin), could effectively cross the cell membrane
nd accumulate in the granular structures of melanoma cells
21]. In the present study, the synthesis of a Ru porphyrin
omplex, [(Py-3′)TPP-Ru(phen)2Cl]Cl ((Py-3′)TPP = 5-(3′-pyridyl-
0,15,20-triphenylporphyrin) and its heterometallic derivatives
Scheme 1), and their interaction with CT-DNA were investigated.
he photocleavage properties of these complexes against the plas-

id PBR 322 DNA were also examined by gel electrophotolysis

xperiments. Moreover, we screened their antiproliferative and
poptosis-inducing activities and elucidated the molecular mecha-
isms of apoptotic cell death induced by the complexes in selected
ancer cells.
rin complexes 1 (M = 2H); 2 (M = Ni); 3 (M = Cu).

2. Materials and methods

2.1. Materials

Pyrrole (CP, Fluka), benzaldehyde (AR, Fluka) and 3-aldehyde
pyridine (AR, Acros) were purchased commercially and used with-
out further purification unless specially noted. Calf thymus DNA
(CT-DNA) was purchased from the Sino-American Biotechnol-
ogy Company and the plasmid DNA, pBR322 DNA, was from
the Sangon Biotechnology Company (Canada). DNA Solutions in
5 mM Tris–HCl buffer (pH 7.2), 50 mM NaCl gave a ratio of UV
absorbance (260/280 nm) of 1.8–1.9:1, indicating that the DNA
was sufficiently free of protein. The concentration of CT-DNA was
determined spectrophotometrically by using the molar absorption
coefficient of 6600 M−1 cm−1 (260 nm). Thiazolyl blue tetrazolium
bromide (MTT) and propidium iodide (PI) were obtained from
Sigma. Dulbecco’s modified Eagle’s medium (DMEM), RPMI-
1640 medium, bovine calf serum, and the antibiotic mixture
(penicillin–streptomycin) were purchased from Invitrogen (Carls-
bad, CA). Milli-Q water was used to prepare buffer solutions.

2.2. Physical measurements

Elemental analyses for C, H and N were carried out with a

PerkinElmer 240C elemental analyser. Electrospray ionisation mass
spectra (ESI–MS) were acquired on a Thermo Finnigan LCQ DECA
XP ion trap mass spectrometer, equipped with an ESI source. The
concentrations of Ru, Ni and Cu were determined by ICP–AES anal-
ysis. The compounds (5 mg) were digested with 3 mL concentrated
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itric acid and 1 mL H2O2 in a digestive stove (Qian Jian Measuring
nstrument Co., China) at 180 ◦C for 3 h.

Emission spectra of the synthetic Ru porphyrin complex were
easured on a Shimadzu RF-5000 fluorescence spectrophotome-

er with excitation at 459 nm. Electronic spectra were recorded on a
himadzu UVPC-3000 spectrophotometer. Spectroscopic titrations
ere carried out under room temperature to determine the bind-

ng affinity between DNA and Ru porphyrin complexes. Briefly,
.0 mL of Tris–HCl buffer (pH 7.2, [NaCl] = 50 mM) was placed in
he reference cuvette (1 cm path length) and Ru porphyrin com-
lex samples (20 �M) were added to the sample cuvettes (1 cm
ath length). Then aliquots (1–10 �L) CT-DNA solution at 3.0 mM in
ase pairs were added to both of the reference and sample cuvettes.
inally, the spectra were recorded in the range of 200–700 nm and
he titration processes were repeated until no further changes in
he spectra of four titrations were observed, which suggests that
he binding saturation had been achieved. Every experiment was
epeated three times at least.

Viscosity measurements were carried out using an Ubbelodhe
iscometer maintained at 30.0 ± 0.1 ◦C in a thermostatic bath. The
NA samples contained approximately 200 base pairs. The flow

ime was measured with a digital stopwatch and each sample was
easured three times. Data are presented as (�/�0)1/3 vs. bind-

ng ratio, where � is the viscosity of DNA in the presence of the
omplexes and �0 is the viscosity of DNA in the absence of the
omplexes.

For the gel electrophotolysis experiments, supercoiled plas-
id pBR 322 DNA (10 �M) was treated with the complexes in

0 mM Tris–HCl buffer (pH 8.3, [NaCl] = 18 mM), and then the solu-
ions were irradiated with a UV lamp (254 nm, 10 W) at room
emperature for 60 min. The samples were then analyzed by elec-
rophotolysis for 2–3 h at 50 V on 1% agarose gel in Tris–boracic
cid–EDTA buffer. The gel was stained with 0.5 �g mL−1 ethidium
romide (EB) and photographed under UV light. All experiments
ere performed at least in triplicate.

.3. Synthesis and characterizations

The Schematic routes for the synthesis of complexes 1, 2 and 3
ere shown in Scheme 1.

.3.1. Synthesis of [(Py-3′)TPP]
[(Py-3′)TPP] was synthesized according to the literature [22].

riefly, a mixture of benzaldehyde (7.5 mL, 0.072 mol) and 3-
ldehyde pyridine (2.5 mL, 0.024 mol) in propionic acid (150 mL)
as heated until refluxing, then a solution of freshly distilled
yrrole (7.0 mL, 0.11 mol) in propionic acid (100 mL) was added
ropwise with vigorous stirring throughout. After refluxing for
nother 45 min, the mixture was cooled to ambient temperature,
nd anhydrous alcohol (200 mL) was added. The mixture was kept
t −20 ◦C overnight, and the indigo solid was isolated by suction
ltration, washing with alcohol, and drying in vacuum. The prod-
cts were then purified by silica gel column chromatography with
hloroform and alcohol (v/v, 10:1) as eluant. The second purple-
ed band was collected. The solvents were removed under reduced
ressure, and the final products were obtained by recrystallization
rom chloroform-alcohol. Yield: 0.44 g (2%, calculated to pyrrole).

.3.2. Synthesis of [(Py-3′)TPP-Ru(phen)2Cl]Cl (1)
Compound 1 was synthesized according to the literature [23].
mixture of [(Py-3′)TPP] (0.062 g, 0.1 mmol), cis-Ru(phen)2Cl2
0.080 g, 0.2 mmol) and acetic acid (10 mL) was stirred and refluxed
nder argon for 45 min. A dark red solid was obtained on removal
f the solvent under decompression evaporation. The product
as dissolved in methanol, and refluxed for another 45 min. The

omplex was precipitated by addition of a saturated acetone solu-
ractions 183 (2010) 349–356 351

tion of LiCl, then filtered off and dried under vacuum. The crude
product was separated and purified by column chromatography
with chloroform and methanol (v/v, 20:1) as eluant. The second
brown-red band was collected, and dried under rotary evapora-
tion, to get a brown solid. Yield: 89% (calculated according to
[(Py-3′)TPP]). Found (%): C, 69.91; H, 4.07; N, 11.09; calculated for
[C67H45N9ClRu]Cl (%): C, 70.09; H, 3.95; N, 10.98. UV–vis (in CH3CN,
10−4� (M−1 cm−1)): 646.5(0.3), 589.5(0.5), 550.5(0.9), 514.0(1.6),
415.0(14.4) and 266.0 (4.6) nm. ESI-MS: m/z 1113 [M−Cl]+.

2.3.3. Synthesis of [Ni(Py-3′)TPP-Ru(phen)2Cl](PF6) (2)
A mixture of nickel chloride (50 mg), 1 (50 mg) and acetic acid

(10 mL) was stirred for 1 h under ambient temperature. A dark
red solid was obtained by suction filtration, washed with ether
and dried under vacuum. The product was dissolved in a minimal
amount of DMF, then reprecipitated by the addition of a saturated
aqueous solution of ammonium hexafluorophosphate. The prod-
uct was filtered off, washed several times with water and ether,
yields, 81%. Found (%): C: 61.03; H: 3.52; N: 9.49; calculated for
[C67H43N9ClNiRu]PF6 (%): C: 61.13; H: 3.45; N: 9.58; UV–vis (in
CH3CN, 10−4ε (M−1 cm−1)): 538.1(0.9), 414.5(12.3) and 267.1 (3.6)
nm. ESI-MS: 1211 [M−PF6

+CH3CN]+.

2.3.4. Synthesis of [Cu(Py-3′)TPP-Ru(phen)2Cl](PF6) (3)
Compound 3 was prepared in a way similar to 2, but with cop-

per (II) acetate and [Ru(phen)2(P3TPP)Cl]PF6, yield, 79%. Found (%):
C: 60.82; H: 3.52; N: 9.39; calculated for [C67H43N9ClCuRu]PF6 (%):
C: 60.91; H: 3.43; N: 9.54;UV–vis (in CH3CN, 10−4ε (M−1 cm−1)):
568.4(1.0), 412.0(14.3) and 266.2 (3.1) nm. ESI–MS: m/z 1175
[M−PF6]+.

2.4. Cell culture

The cell lines used in this study, including A375 human
melanoma cells, MCF-7 human breast adrenocarcinoma cells,
Colo201 human colon adenocarcinoma cells and Hep G2 human
liver cancer cells, were obtained from American Type Culture Col-
lection (Manassas, VA). Cells were maintained in either DMEM
(for A375 cells) or RPMI 1640 (for MCF-7, Colo201 and Hep G2
cells) medium supplemented with 10% fetal bovine serum, peni-
cillin (100 units/mL) and streptomycin (50 units/mL) at 37 ◦C in a
humidified incubator with 5% CO2 atmosphere.

2.5. MTT assay

Cell viability was determined by measuring the ability of the
cells to transform MTT to a purple formazan dye [24]. Cells were
seeded in 96-well tissue culture plates at 2.5 × 103 cells/well for
24 h. The cells were then incubated with the test compounds at
different concentrations for 48 h. After incubation, 20 �L/well of
MTT solution (5 mg/mL phosphate buffered saline) was added and
incubated for 5 h. The medium was aspirated and replaced with
150 �L/well DMSO to dissolve the formazan salt. The color intensity
of the formazan solution, which reflects the cell growth condition,
was measured at 570 nm using a microplate spectrophotometer
(SpectroAmaxTM 250).

2.6. Flow cytometric analysis

Flow cytometric analysis was carried out according to our pre-
vious method [25]. Briefly, cells exposed to the complexes were

harvested by centrifugation and washed with PBS. Cells were
stained with PI after fixation with 70% ethanol at −20 ◦C overnight.
The DNA content was analyzed with a Beckman Coulter Epics
XL MCL flow cytometer (Miami, FL). The cell cycle distribution
was analyzed using MultiCycle software (Phoenix Flow Systems,
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an Diego, CA). The proportions of cells in G0/G1, S, and G2/M
hases were represented as DNA histograms. Apoptotic cells with
ypodiploid DNA contents were measured by quantifying the sub-
1 peak. For each experiment, 10,000 events per sample were

ecorded.

.7. Evaluation of mitochondrial membrane potential (�� m)

Cells in 6-well plates were trypsinized and resuspended in
.5 mL of PBS buffer containing 10 �g/mL of JC-1. After incubation
or 10 min at 37 ◦C in the incubator, cells were immediately cen-
rifuged to remove the supernatant. Cell pellets were suspended in
BS and then analyzed by flow cytometry. The percentage of the
reen fluorescence from JC-1 monomers was used to represent the
ells that lost �� m.

.8. Western blot analysis

Whole cellular proteins were extracted by incubation the cell
ellets with cell lysis buffer (Cell Signaling Technology) overnight
t 4 ◦C. Protein concentration was determined by bicinchoninic acid
ssay (Sigma) according to the manufacturer’s instructions. SDS-
AGE was done in 10% tricine gels loading 40 mg of cell lysates
er lane. After electrophoresis, separated proteins were transferred
o nitrocellulose membrane and blocked with 5% non-fat milk in
BST buffer for 1 h. After then, the membranes were incubated with
rimary antibodies at 1:1000 dilutions in 5% non-fat milk overnight
t 4 ◦C with continuous agitation, and then secondary antibodies
onjugated with horseradish peroxidase at 1:2000 dilution for 1 h
t room temperature. Protein bands were visualized on X-ray film
sing an enhanced chemiluminescence system (Kodak).

.9. Statistical analysis

Experiments were carried out at least in triplicate and results
ere expressed as mean ± S.D. Statistical analysis was performed
sing SPSS statistical program version 13 (SPSS Inc., Chicago, IL).
ifference with p < 0.05 (*) or p < 0.01 (**) was considered statisti-
ally significant.

. Results and discussion

.1. DNA-binding properties of the synthetic Ru porphyrin
omplexes

Spectrophotometry is the most common method to investigate
he interaction of transition metal complexes with DNA. In general,
ransition metal complexes exhibit hypochromism and red shift in
heir electronic spectra when they are bound to DNA. The degree
f hypochromism depends on the binding mode and affinity. The
hanges in the electronic spectra of complexes 1, 2 and 3 in the
bsence or presence of CT-DNA were showed in Fig. 1. In Tris–HCl
uffer (pH 7.2), all these complexes exhibited strong absorptions

n the electronic spectra. For complex 1, there were characteristic
ntraligand (IL) transition and Soret absorptions at 267 and 406 nm,
espectively. The characteristic Q-band absorptions attributed to
he porphyrin ring were present at 521, 558, 594 and 650 nm. For
omplex 2, the characteristic IL and Soret absorptions appeared at
68 and 406 nm, respectively, with the Q bands at 543 and 587 nm.
or complex 3, the IL and Soret absorptions were at 267 and 406 nm,
espectively, with the Q band at 568 nm. These data were consistent

ith those reported in the literature [26].

As listed in Table 1, when CT-DNA was added to the com-
lexes, obvious hypochromism and red shift in both the IL and Soret
bsorptions were observed in all complexes. The hypochromism
nd red shift for 1 were larger than those of 2 and 3, indicating that
Fig. 1. Absorption spectra of complexes 1, 2 and 3 in 5 mM Tris buffer, pH 7.2 in the
absence and presence of calf thymus DNA. [Ru] = 20.0 �M, [DNA] = 54 �M.

the binding affinity of 1 was higher than those of 2 and 3. To further
clarify the DNA-binding behavior of these complexes, the intrinsic
binding constants (Kb) were calculated according to the decay of
the Soret absorption by Eq. (1) [27].

(εa − εf )
(εb − εf )

= (b − (b2 − 2K2
b

Ct[DNA]/s)
1/2

)

2KbCt
(1a)

b = 1 + KbCt + Kb[DNA]
2s

(1b)

where [DNA] is the concentration of DNA in nucleotides, while the
εa, εf and εb are the apparent extinction coefficient (Aabs/[M]), the
extinction coefficient for free metal complex (M) and the metal

complex in the fully bound form, respectively. Kb is the equilibrium
binding constant in M−1. Ct is the total Ru(II) complex concentra-
tion and s is the binding-site size. Values of εb were obtained by
extrapolation from the y intercept of plots of εa/εf vs. 1/[DNA].
The Kb and s values are those for the best least-squares fits to
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Table 1
Changes in electronic spectra of complexes 1, 2 and 3 in the absence or presence of
CT-DNA in 5 mM Tris–HCl buffer, 0.1 mM NaCl (pH 7.2).

Complex �max (free) �max (bound) �� (nm) H (%) Kb (M−1)

1 405 407 2 11 1.35 × 105

267 267 0 4

2 406 407 1 8 1.29 × 105

267 267 0 2
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Fig. 2. Changes in fluorescence of EB in presence of complexes 1, 2 and 3. [EB] = 4 �M,
[DNA] = 100 �M.
3 405 406 1 7 1.22 × 105

267 27 0 2

he individual UV/vis titration curves using the program ORIGIN
.0. In the present study, the calculated intrinsic binding constants
Kb) for complexes 1, 2 and 3 were (1.35 ± 0.5) × 105 M−1 (s = 4.2),
1.29 ± 0.5) × 105 M−1 (s = 5.6) and (1.22 ± 0.5) × 105 M−1 (s = 6.2),
espectively. Therefore, the DNA-binding constants of complexes
ollow the order of Kb (1) > Kb(2) > Kb(3), indicating that the binding
ffinity (A) of complexes is in the order of A(1) > A(2) > A(3).

.2. EB-quenching properties of the complexes

Complexes 1, 2 and 3 alone exhibited only weak fluorescence
n the presence or absence of CT-DNA, thus EB-quenching experi-

ents were carried out to further characterize the binding of these
omplexes to DNA. EB emits intense fluorescence in the presence of
NA, due to its strong intercalation between the base pairs, which
an be quenched by competition between the complexes and EB
or binding to DNA. Previous studies have showed that the fluo-
escence quenching of EB–DNA by tetraazza marocyclic complexes
ould be due to the replacement of the DNA intercalator [23]. In this
tudy, as shown in Fig. 2, the fluorescence intensity of EB decreased
radually in the presence of the complexes, indicating that the EB
olecules were being displaced from the DNA helix by the com-

lex molecules. The quenching constant Kq of each complex was
alculated according to the classical Stern–Volmer equation [28]:

I0
I

= 1 + Kqr (2)

here I0 and I are the fluorescence intensities in the absence or
resence of the complexes, and r is the ratio of [Ru]/[DNA]. Kq is a

inear Stern–Volmer quenching constant depending on the ratio of
B to DNA. In this study, the quenching constants Kq for 1, 2 and 3
ccording to the decay of EB fluorescence were 18.8, 17.7 and 15.8,
espectively. These data indicate that the binding affinity of these
omplexes was in the sequence of complex 1 > complex 2 > complex
, which was consistent with the changes in the electronic absorp-
ion spectra.

.3. Viscosity measurements

In general, the viscosity of double strand DNA would increase
hen a complex binds to DNA in intercalating mode, but remain
nchanged when a complex binds to DNA in electrostatic mode.
or those complexes binding to DNA in the groove binding mode,
he viscosity of DNA will decrease since the DNA helix will be bent
29,30]. The changes in the viscosity of DNA in the presence of the
omplexes were shown in Fig. 3. The relative viscosity of CT-DNA
ecreased in the presence of all three complexes, indicating that
hese complexes may bind to DNA through groove binding mode

Fig. 3). Furthermore, the decrease for complex 1 was more signif-
cant than those of 2 and 3, indicating that the affinity of 1 to DNA

as the strongest among the three complexes, which was also in
greement with the spectroscopic results.

Fig. 3. Effects of complexes 1, 2 and 3 on the relative viscosities of CT-DNA at 30.0 ◦C
(±0.1 ◦C), [DNA] = 500 �M.
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Fig. 4. Photocleavage of pBR 322 DNA with the absence (Lane 0) or presence of
complexes 1 (Lanes 1–4), 2 (Lanes 5–8) and 3 (Lanes 9–12). The concentrations of
these complexes were 15 (Lanes 1, 5 and 9), 30 (Lanes 2, 6 and 10), 45 (Lanes 3, 7
and 11) and 60 �M (Lanes 4, 8 and 12), respectively.

Table 2
Growth inhibition of Ru porphyrin complexes on various human cancer cells.

Complex IC50 (�g/mL)

A375 Hep G2 Colo201 PC-3

1 4.4 ± 0.9 8.7 ± 1.3 16.8 ± 1.9 25.1 ± 3.4
2 9.7 ± 1.1 11.2 ± 0.7 18.6 ± 2.4 32.7 ± 4.1
3 12.7 ± 1.8 25.6 ± 3.9 47.6 ± 3.6 74.2 ± 6.5
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ells were treated with various concentrations of tested compounds for 48 h. Cell
iability was determined by MTT assay and IC50 values were calculated as described
n the Experimental section. Each value represents the mean ± S.D. of three indepen-
ent experiments.

.4. Photocleavage of pBR 322 DNA by Ru porphyrin complexes

The gel electrophoretic separation showing the cleavage of
lasmid pBR322 DNA induced by the complexes under identical
onditions is shown in Fig. 4. It can be seen that only supercoiled
orm (Form I) of pBR 322 DNA was observed in control group (Lane
). However, all the tested Ru porphyrin complexes could cleave
BR 322 DNA from supercoiled form to nicked circular form (Form

I) in a dose-dependent manner, and the activity followed the order
> 2 > 3, which was consistent with that observed in the above mea-

urements. These results indicated that cleavage of single chain
NA occurred, and the DNA molecules were then converted from

upercoiled form to nicked form.

.5. Apoptosis-inducing activities of Ru complexes and the
nderlying mechanisms

The antiproliferative activities of the complexes were first
creened by MTT assay against a panel of four human cancer
ell lines, including A375 human melanoma cells, MCF-7 human
reast adrenocarcinoma cells, Colo201 human colon adenocarci-
oma cells and Hep G2 human liver cancer cells. As shown in

able 2, the complexes exhibited broad inhibition on the four
ested human cancer cell lines, with IC50 values ranging from 4.4
o 74.2 �M. The lower IC50 values of complex 1 as compared with
he other tested complexes, indicates its higher cytotoxic effects
gainst human cancer cells. The in vitro anticancer activities of these

ig. 5. Effects of complex 1 on cell apoptosis and cell cycle distribution in A375 human
omplex 1 for 48 h were collected and stained with PI after fixation as described in the
oftware. Each value represents the mean of three independent experiments.
ractions 183 (2010) 349–356

complexes was in the sequence of complex 1 > complex 2 > complex
3, which was consistent with the trends of their DNA-binding and
photocleavage abilities.

Inhibition of cancer cell proliferation by cytotoxic drugs could be
the result of induction of apoptosis or of cell cycle arrest, or a combi-
nation of these two modes [24,25]. According to the results of broad
screening (Table 2), A375 cells exhibited the highest sensitivity to
complex 1. Thus this cell line was used for further investigation
on the underlying mechanisms accounting for the antiproliferative
action of complex 1. Flow cytometric analysis was carried out to
determine the possible mechanisms of cell growth inhibition. Fig. 5
shows the representative DNA distribution histograms of A375
cells incubated in the absence or presence of 5, 10 and 20 �g/mL
complex 1 for 48 h. Exposure of A375 cells to complex 1 led to
marked dose-dependent increases in the proportion of apoptotic
cells, as reflected by the sub-diploid peaks. Moreover, treatment
with complex 1 caused a slight increase in the percentage of cells
at G0/G1 phase, accompanied by a corresponding reduction in the
percentage of cells at d G2/M phase, indicating the induction of
G0/G1-phase arrest by complex 1. Previous studies have suggested
that many antitumor agents used in chemotherapy are based on
their apoptosis-inducing effects and cytostatic activities on cancer
cells [31]. Our results indicate that Ru porphyrin complex 1 is a
promising novel synthetic compound with potential in treatment
of cancers.

3.6. Mitochondria plans an important role in Ru
complexe-induced apoptosis

Mitochondria act as a point of integration for apoptotic sig-
nals originating from both the extrinsic and intrinsic apoptotic
pathways [32]. Loss of �� m is associated with the activation of
caspases and the initiation of apoptotic cascades. Thus, the status
of mitochondria in A375 cells exposed to complex 1 was investi-
gated by JC-1 flow cytometric analysis. In this study, it was found
that complex 1 induced significant depletion of �� m in A375 cells
(Fig. 6A). The percentage of cells with depolarized mitochondria
increased from 6.86% (control) to 15.99% (5 �M), 28.83% (10 �M)
and 42.22% (20 �M), respectively. These results indicated that
complex 1 induced apoptosis in A375 cells through mitochondria-
mediated pathways.

The mitochondria-mediated apoptosis is precisely regulated by
the proteins that comprise a large group termed the Bcl-2 family
[33]. Pro-survival family members associate with the mitochon-

drial outer membrane and maintain their integrity. In contrast,
pro-apoptotic members such as Bax and Bak oligomerize in mito-
chondrial outer membrane and disrupt their integrity, causing the
release of apoptogenic factors [33]. By western blot analysis, we
observed that complex 1 up-regulated the expression of Bax, but

melanoma cells. The cells treated with different concentrations of Ru porphyrin
Experimental section. Cellular DNA histograms were analyzed by the MultiCycle
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ig. 6. Complex 1 induces the depletion of mitochondrial membrane potential (��
ith complex 1 were harvested and stained with the mitochondria-selective dye JC

epresents the percentage of cells that emit green fluorescence due to the depletio
ere treated with 10, 20 and 40 mM of complex 1 for 24 h. All experiments were ca

own-regulated the expression of Bcl-2 (Fig. 6B). These results sup-
ort that complex 1 induces mitochondria-mediated apoptosis by
egulating the expression of Bcl-2 family proteins.

. Conclusion

The binding behaviors of Ru porphyrin complexes to calf thy-
us DNA were subtly but distinctly different, depending on their

hemical structures. All three synthetic Ru porphyrin complexes
ound to DNA by groove binding mode and the DNA-binding con-
tants (Kb) were in order of Kb(1) > Kb(2) > Kb(3), indicating that the
resence of the Ni and Cu ions had no effect on the binding mode,
ut reduced the binding affinity of these complexes. Ru porphyrin
omplexes could cleave supercoiled DNA to single chain DNA,
ndicating their novel photocleavage properties. Moreover, these
omplexes were also identified as potent antiproliferative agents
gainst A375 human melanoma cells, MCF-7 human breast adreno-
arcinoma cells, Colo201 human colon adenocarcinoma cells and
ep G2 human liver cancer cells. Complex 1 inhibits the growth of
375 cells through induction of apoptotic cell death and G0/G1 cell
ycle arrest. Further investigation showed that complex 1 induces
itochondria-mediated apoptosis by regulating the expression of

cl-2 family proteins. Our results suggest that ruthenium porphyrin
omplexes could be a candidate for further evaluation as a chemo-
reventive and chemotherapeutic agent for human cancers.
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