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A novel ruthenium(III) complex with 2-aminomethyl benzimidazole (AMBI) has been synthesized and charac-
terized by elemental analysis, spectroscopic (FTIR, UV–Vis and XRD), thermal, magnetic and electrochemical
techniques. Characterization shown that the ruthenium ion is octahedral coordinated by three H2O molecules,
one chloride ion and a bidentate AMBI. The calf thymus DNA binding activity of complex was studied by absorp-
tion spectra and viscosity measurements. The strong interaction between Ru(III) complex and CT-DNA was in-
vestigated and the Kb value equals 8.3 × 10−5. The cytotoxicity effect of water soluble [RuCl(AMBI)(H2O)3]Cl2
complex on breast adenocarcinoma (MCF-7) and human colon carcinoma (HCT-116) cell lines (in vitro) was in-
vestigated by the MTT method. The Ru(III) complex shows good cytotoxic activity and the IC50 values are 57.20
and 18.08 μg/mL towardMCF-7 andHCT-116, respectively. The antiproliferative effect of Ru(III) complex onHCT-
116 cells was nearly as the cisplatin value; that indicates its efficiency as anticancer agents. Apoptosiswas studied
by AO/EB staining and the Ru(III) complex shows apoptotic effect against the two cancer cell lines by percent to
23.1 and 33.1%. DNA damage assay by gel electrophoresis was done and the DNA fragmentation that appears in
the two treated lanes indicates that therewas destruction in the nuclear DNA. The cell cycle arrest byflowcytom-
etry showed that the Ru(III) complex stops the two cancer cell lines proliferation by decrease the S and G0/G1
phases and increase in G2/M indicates that the interactions of our complex with DNA prevents the entry of
cells into the DNA synthesis phase as well as into a new cell cycle. Moreover, the Ru(III) complex stops the pro-
liferation of Ehrlich ascites carcinoma (EAC) bearing female mice (in vivo study) with low toxicity to the kidney.
In addition, the antioxidant enzymes' activity in the treated and untreated groups' blood sampleswere also inves-
tigated. The decrease in topoisomerase I (Top I) levels in treated mice groups than the EAC group indicates the
effect of our compound as topoisomerase I inhibitor.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Cancer is a devastating disease that strikes different people all over
the world. Breast cancer is the most second common cancer worldwide
after lung cancer [1]. Delay screening with late diagnosis of breast can-
cer leads to metastasis all over the body causing death [2]. Cisplatin is
used clinically in the treatment of a variety of cancers; but with long
times of treatment, it causes nephrotoxicity, hepatotoxicity and drug re-
sistance [3]. These side effects encourage the scientists to invent new
anticancer drugs with less toxicity like ruthenium complexes. The new
anticancer drugs based on ruthenium metal take large attention be-
cause the coordination and redox properties of ruthenium metal [4].
).
Chemical properties of rutheniummetalmake it a promising anticancer
drug to be used as a corewith certain ligand complexes [5]. Recent stud-
ies have used Ru(III) complexes as an anticancer drug against different
human cell lines (in vitro) with a great bioactivity of these complexes
[6,7]. Unlike cisplatin; the in vivo studies of ruthenium complexes
proved that they have minimal kidney toxicity that can be reversed
after quitting [8]. Minor number of Ru(III) complexes get into pre-clin-
ical trials [9,10] as an anti-breast cancer [11,12], but still therewas a lack
in in vivo studies with the development of safer, water soluble Ru(III)
complexes.

Benzimidazoles ligand has the structure similar to purine base of the
DNA and the nucleus of vitamin B12 [13]. That similarity allows the bi-
ological systems to recognize the benzimidazole ring without any sign
of allergy [14]. Also, it shows anti-inflammatory, DNA cleaving proper-
ties and anticancer activities against various cancer cell lines alone and
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with metal chelators such as ruthenium(I), iron(II), platinum(II) and
zinc(II) [15–17]. Benzimidazole compoundswere also reported as topo-
isomerase I, tyrosine kinase and serine protease inhibitors [18]. Differ-
ent complexes of transition metals with 2-substituted benzimidazole
were proven to be effective as anticancer [19]. Some benzimidazole de-
rivatives show diverse biological activities in the treatment of leukemia
and cancer. In addition, the stability of the 2-aminomethyl benzimid-
azole due to aromatic ring π-π stacking effects made it promising to
be the choice ligand for ruthenium(III). The innovation of new antican-
cer drug design with special properties is currently needed in clinical
fields. Therefore, this study aimed to synthesize a safe and effective an-
ticancer drug with ruthenium core by selecting a heterocyclic ligand
with known safety and anticancer activity like the benzimidazoles
ring structure. The calf thymus DNA binding activity of water soluble
[RuCl(AMBI)(H2O)3]Cl2 complex was studied by absorption spectra
and viscosity measurements. MCF-7 cells (breast adenocarcinoma) are
considered a violent drug resistant cancer cells. The chemotherapeutic
drug that can affect these cells will consider a potent anticancer. Thus,
we examine the cytotoxic effect of our complex on MCF-7 as well as
on HCT-116 (human colon carcinoma) cell lines (in vitro). Then, we
study the apoptotic analysis and cell cycle arrest of our complex on
the treated cell lines. Besides its effect on Ehrlich ascites carcinoma
(EAC) transplanted in female mice as a mammary adenocarcinoma
model (in vivo study) with the toxicity profile of this complex on differ-
entmice organs in treated andhealthymice. Finally, the topoisomerase I
level was determined in all mice groups.

2. Materials and methods

2.1. Chemicals and reagents

Hydrated ruthenium trichloride (RuCl3·3H2O/10452), 2-
aminomethyl benzimidazole dihydrochloride (AMBI/165638),
tetrabutylammonium hexafluorophosphate (TBHFP/281026), acridine
orange (AO/A6014) and ethidium bromide (EB/E7637) were obtained
from Sigma-Aldrich and used without further purification. Other
chemicals and solvents were obtained from Fluka and used as received.
Serum glutamate-pyruvate transaminase (SGPT), serum glutamate-oxa-
loacetate transaminase (SGOT), albumin, total bilirubin, creatinin, urea
and uric acid kits were from Spinreact, Spain. Super oxide dismutase
(SOD) kit, malondialdehyde (MDA) kit, reduced glutathione (GSH), cata-
lase (CAT) and total antioxidant capacıty (TAC) kits were from
Biodiagnostic, Egypt. Hemoglobin kit was from Randox Laboratory Ltd.,
UK. White blood cells count reagent was from Egyptian Diagnostic
Media Co., Egypt.

2.2. Instrumentation

Microanalytical data (C, H and N) were collected on Automatic Ana-
lyzer CHNS Vario ELIII, Germany. Infrared spectra (KBr discs, 4000–400
cm−1)were recorded on Jasco FTIR-4100 spectrophotometer. UV–Visible
spectrawere recorded by Perkin-ElmerAA800 spectrophotometerModel
AAS. Fluorescence microscopy BK6000, China. Magnetic susceptibility
measurements were determined at room temperature on a Johnson
Mattheymagnetic susceptibility balance using Hg[Co(SCN)4] as calibrant.
X-ray diffraction analysis of compound in powder forms were recorded
on X-ray diffractometer in the range of diffraction angle 2θ=10–80°.
This analysis was carried out using CuKα radiation (λ= 1.540598 Å).
The applied voltage and the tube current are 40 kV and 30mA, respec-
tively. Scherer's equation [20] calculates the average crystallite size, t,
using the Eq.: t=0.95λ γ/cos ѳ, where γ is the width measured in ra-
dians of the half-maximum peak intensity, λ is the X-ray wavelength
and ѳ is the Bragg's angle. Thermal analysis of [RuCl(AMBI)(H2O)3]Cl2
complex was carried out using a Shimadzu thermogravimetric analyzer
under a nitrogen atmosphere with heating rate of 20 °C/min over a tem-
perature range from room temperature up to 1000 °C. Conductivity
measurements of the complex at 25 ± 1 °C were determined in water
(10−3 M) using conductivity/TDSmetermodel Lutron YK-22CT. The elec-
trochemical behavior of the complex was studied using an electrochem-
ical analyzer CHI 610A (HCH Instrument) under nitrogen atmosphere
and at room temperature. The electrochemical cell that was used in this
work contains three electrodes: platinum wire was used as a working
electrode, Ag+/AgCl was used as a reference electrode and a platinum
wire was used as a counter electrode.

2.3. Synthesis of [RuCl(AMBI)(H2O)3]Cl2 complex

2-aminomethyl benzimidazole (0.440 g, 2 mmol) was dissolved in
20 cm3 of ethanol. RuCl3·3H2O (0.261 g, 1 mmol) was dissolved and
refluxed in ethanol (20 cm3) until the initial black color turned into
green. The aqueous of the ligand previously prepared was added to
this green solution, then the reaction mixture was refluxed for 3 h. As
a result of refluxing green microcrystals was formed which were col-
lected by filtration using filtered glass gooch, washed with ethanol
(10 cm3) and dried in a vacuum desiccator over anhydrous CaCl2. The
analytical data for that complex are well agreed with its formula. Anal.
Calcd. for C8H15Cl3N3O3Ru (%): C, 23.91; H, 3.73; N, 10.70. Found (%):
C, 23.71; H, 3.70; N, 10.55.

RuCl3 � 3H2Oþ AMBI→ RuCl AMBIð Þ H2Oð Þ3
� �

Cl2

2.4. DNA binding

The binding properties of complex to calf thymus DNA have been
studied using electronic absorption spectroscopy. The stock solution of
CT-DNA was prepared in (1 × 10−3 M) Tris–HCl/50 mM NaCl buffer
(pH 7.2), which a ratio of UV absorbances at 260 and 280 nm (A260/
A280) of CT-DNA 1.8–1.9, indicating that the DNA was sufficiently free of
protein [21], and the concentration was determined by UV absorbance
at 260 nm (ɛ= 6600M−1 cm−1) [22]. Electronic absorption spectra
(200–700 nm) were carried out using 1 cm quartz cuvettes at 25 °C by
fixing the concentration of complex (3 × 10−4 M), while gradually in-
creasing the concentration of CT-DNA (0.00–1.15 × 10−4 M). An equal
amount of CT-DNAwas added to both the complex solutions and the ref-
erences buffer solution to eliminate the absorbance of CT-DNA itself. The
intrinsic binding constant Kb of the complex with CT-DNA was deter-
mined using Eq. (1) [23]:

DNA½ �= εa−ε fð Þ ¼ DNA½ �= εb−ε fð Þ þ 1=Kb εa−ε fð Þ ð1Þ

where [DNA] is the concentration of CT-DNA in base pairs, ɛa is the extinc-
tion coefficient observed for the Aobs/[complex] at the given DNA concen-
tration, ɛf is the extinction coefficient of the free complex in solution andɛb is the extinction coefficient of the complex when fully bond to DNA. In
plots of [DNA] (̸ɛa− ɛf) vs. [DNA], Kb is givenby the ratio of the slope to the
intercept.

2.5. Viscosity measurements

Viscosity measurements were performed at compound concentra-
tion within the range of (0.1–1 × 10−3 M) and each compound was
added into a DNA solution (1 × 10−3 M) present in the viscometer. The
average flow times of three replicatesweremeasuredwith a digital stop-
watch. The data were presented as (η/ηo)1/3 vs. [complex]/[DNA] ratio of
the concentration of the compound to DNA [24], where η and ηo are the
viscosity of the DNA in the presence and absence of complex, respec-
tively [25]. The relative viscosities η were calculated using Eq. (2) [26]:

η ¼ t−toð Þ=to ð2Þ

where t is the observedflow time of DNA containing solution and to is the
flow time of buffer alone.
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Fig. 1. The proposed structure of [RuCl(AMBI)(H2O)3]Cl2 complex.
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2.6. Measurement of cytotoxic activity by MTT assay

Human colon carcinoma (HCT-116) and breast adenocarcinoma
(MCF-7) cells were purchased from American Type Culture Collection
(ATCC, NY, USA). The cells were seeded at a density of 1 × 104 cells per
well (100 μL/well) onto 96-well plate (Falcon, Franklin Likes, NJ) in
DMEM medium (GIBCO, Grand Island, New York, USA; Cat.no.
A1049101). Ru(III) complex was added with different concentrations (5,
8, 10, 40, 80 and100 μg/mL) for 24 h at 37 °C in a 5% CO2with 95% humid-
ity incubator and compared with different concentrations of cisplatin as
reference chemotherapeutic drug (3.125, 6.25, 12.5, 25, 50 and 100 μg/mL).
The medium was washed gently twice with ice-cold PBS and a volume of
200μL MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
a yellow tetrazole, (Molecular probes, Eugene, Oregon, USA; Cat. No. V-
13154)] was added to each well. After several steps, the absorbance of each
well was measured at 630 nm using a microplate reader (ELX800, Biokit,
Spain). The cell inhibition percentage was calculated using Eq. (3):

%Cell viability ¼ At−Abð Þ= Ac−Abð Þ½ � � 100 ð3Þ

where, At = Absorbance value of tested compound; Ab = Absorbance
value of blank; Ac = Absorbance value of control; and % Cell inhibi-
tion= 100− cell viability.

Assays were performed in triplicate on three independent experi-
ments. The concentration of Ru(III) complex inhibiting 50% of cells
(IC50) was calculated using the sigmoidal curve that was plotted be-
tween the sample concentration and the % cell viability.

2.7. Fluorescence analysis of apoptosis and necrosis in living cells

Themode of cell deathwas determined by investigating apoptosis and
necrosis ratios using double stainwith acridine orange/ethidiumbromide
(AO/EB) according to themethod of Ribble et al. [27]. Briefly, AO/EB stain-
ing is used to visualize nuclear changes and apoptotic body formation that
is exact representative of apoptosis. AO is a dye that is nucleic acid selec-
tive fluorescent cationic membrane-permeable that will stain all the via-
ble cells and appear the nuclei in green color. EB is a dye that is taken up
by the necrotic cells because cytoplasmic membrane integrity is lost, and
stains the nucleus with red color. Thus, live cells have a normal green nu-
cleus; early apoptotic cells have bright green to yellow nucleus; late apo-
ptotic cells show fragmented orange chromatin and cells have died from
direct necrosis have a dark orange to red nucleus.

Cancer cell lines were cultured in six well plates at a density of 5 ×
105 cells/well and treated for 24 h with 30% of the IC50 value of the Ru
(III) complex then incubated at 37 °C in a humidified 5% CO2 atmo-
sphere. Finally, cells were removed by trypsinization and resuspended
in 50 μL PBS and 2 μL of a solution containing 100 μg/mL AO and 100
μg/mL EB in PBS was added. Stained cell suspension (10 μL) was placed
on a clean microscope slide and covered with a coverslip. Cells were vi-
sualized and counted by fluorescence microscopy. For each cell line,
three treated wells and three untreated wells were examined, and the
mean cells count was calculated. For each sample, at least 500 cells
were counted, and the percentage of apoptotic or necrotic cells was de-
termined (Eq. (4)):

%of apoptotic or necrotic ¼ ðthe total number of apoptotic or necrotic cells=

total number of cells countedÞ � 100:

ð4Þ

2.8. DNA damage assay

The DNA extraction was done by DNA Extraction Kit (Fermentas,
#K0721, European Union). The genomic DNA was extracted using
Gene JET genomic DNAextraction kit following themanufacturer proto-
col (Fermentas, #K0721, European Union). Simply, in this method the
DNA cells extract from different cell lines after incubation with the
IC50 value of Ru(III) complex for 24 h were loaded in an agarose gel
well in the presence of DNA molecular weight marker (ladder) in the
adjacent well. Then the gel electrophoresis was done for 2 h. The frag-
ment patterns (ladder, smear or intact) were visualized on the UV
Trans-illuminator and photographed by gel documentation system
(UVDI Major Science, USA).
2.9. Investigation of cell cycle arrest by flow cytometry

Briefly, two six-well plates were seeded with MCF-7 and HCT-116
cells respectively at a density of 2 × 105 cells per well. The cells were
cultured in RPMI 1640 supplemented with sterile-filtered fetal bovine
serum (FBS) 10% and were incubated at 37 °C and 5% CO2 for 24 h.
Themediumwas removed and replacedwithmedium (final bi-distilled
water concentration, 0.05% v/v) containing IC50 of the complex into
three wells for every cell line and the other three wells remain un-
treated as control wells. After incubation for 24 h, the cell layer was
trypsinized and washed with cold PBS and fixed with 70% ethanol
which added drop wise to the wells. Then, fixed for 30 min at 4 °C
after that, 20 μL of RNase (0.2 mg/mL) and 20 μL of propidium iodide
(0.02 mg/mL) were added to the cell suspensions and they were incu-
bated at 37 °C for 30 min. Then the treated and untreated cell samples
were analyzed in triplicated manner with Attune, Applied Biosystems,
USA,flowcytometry system. The number of cells analyzed for each sam-
ple was 10,000. The flow cytometric software used an algorithmwhich
attempt to fit Gaussian curves to each phase with a calculated
percentage.
2.10. Animal experiments

In the department animal house, the female albino mice aged 6–7
weeks old, average weigh 22–24 g, were used. The animals were fed a
standard pellet diet and water ad libitum. Housed in a polypropylene
cagewith a 12 h light and dark cycle at room temperature. Animal's pro-
cedures were approved and maintained in accordance with the guide-
lines of the Animal Ethical Committee of Kafrelsheikh University, Egypt.
2.10.1. Median lethal dose (LD50) determination
The tested compounds were dissolved in warm sterile distilled

water for injection and vortex till solution clarity, then injected intra-
peritoneally to seven groups of mice (each containing four mice) at dif-
ferent doses (10, 20, 40, 50, 100, 150 and 200 mg/kg). LD50 was
estimated by recording mortality after 24 h.

It was found that the LD50 valuewas 200mg/kg. Themicemaximum
tolerated dosewas 50mg/kg of Ru(III) complex (1/4 of LD50) fromday 1
to day 7without anyweight loss or signs of toxicity.We use this dose as
the high dose in our experiment besides the low dose 25 mg/kg of Ru
(III) complex.



Table 1
Cyclic voltammetric data for the ruthenium(III) complex.

Complex Epa(V) Epc(V) ΔE(V) E½(V) Assignment

[RuCl(AMBI)(H2O)3]Cl2 – −0.90 0.90 −0.45 RuIII/RuII

1.107 1.041 0.066 1.074 RuIII/RuIV

Conditions: supporting electrolyte (0.2 g, TBHFP), the concentration of the complex;
~10–3 M, ΔE= Epa − Epc and E1/2 = 0.5(Epa + Epc), where Epa and Epc are the anodic and
cathodic cyclic voltammetric peak potentials.
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2.10.2. In vivo tumor cell transplantation
Ehrlich ascites carcinoma (EAC) cell line was obtained from the El-

Nile Research Centre (El-Mansoura, Egypt), in a donor female mouse
(Swiss Albino) of 19 g body weight. EAC cells in female mice are the
model of mammary gland carcinoma, which similar to breast cancer
in human [28]. The EAC cellswere drawn from the intraperitoneal cavity
by a sterile syringe, then washed three times with sterile saline then
centrifuged. Then the pellets were suspended in sterile isotonic saline.
The viability of the cells was 98% as judged by trypan blue exclusion
assay.

The mice groups were divided into six groups (10 mice in each
group) namely:

i) The control group: which injected with sterile distilled water for
injection (the drug solvent) for twelve days;

ii) The EAC group:were injectedwith 100 μL (EAC suspension) con-
taining 2.5 × 106 viable EAC cells;

iii) The treated group which injected I.P. with 2.5 × 106 viable EAC
cells and after 2 h, injected intraperitoneally with different
doses of Ru(III) complex and divided into: Low dose, 25 mg/kg,
treated mice (I) and high dose, 50 mg/kg (1/4 LD50), treated
mice (II); for 12 days;

iv) The last two groups were healthy mice treated with 25 mg/kg
and 50 mg/kg doses of Ru(III) complex for 12 days to improve
its effect on normal mice, and named low dose group and high
dose group.

At the end of the experiment and after fasting overnight; animals
from each group were sacrificed, and the other animals were left till
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Fig. 2. Cyclic voltammogram o
the day 14 for mortality percent calculations. After the day 14 all the
live animals were sacrificed. Serum and blood samples were collected
for the study of chemistry, antioxidant activities and hematological pa-
rameters. Liver samples from each group were washed with PBS buffer
(pH 7.4) and immersed in the 10% formalin and sent for histopatholog-
ical examination.

2.11. Quantitative RT-PCR analysis

RNA extraction from mice liver was done by Gene JET RNA Purifica-
tion Kit (Thermo Scientific, # K0731, USA) according to themanufactur-
er's protocol. Total RNA (5 μg) was reverse transcribed using Revert Aid
H Minus Reverse Transcriptase (Thermo Scientific, #EP0451, USA) to
produce cDNA [29]. The cDNA was used as a template to determine
the relative expression of the topoisomerase I (TopI) gene using Step
One Plus real time PCR system (Applied Biosystem, USA). The primers
were designed by Primer 5.0 software and their sequences were as fol-
low: TopI F: 5′GAGACTGCGCGGCGTCTGAA3′ and TopI R: 5′
CAGCCCACAGTGTCTGCCGT3′. The housekeeping gene GAPDH (with
primer sequences; F: 5′ TGTGTCCGTCGTGGATCTGA 3′ and R: 5′
CCTGCTTCACCACCTTCTTGA 3′) was used as a reference to calculate
fold change in target gene expression. After few steps, the cycle thresh-
old (Ct) values were calculated for target genes and the housekeeping
gene, and relative gene expression was determined using 2^−ΔΔCt
method [30].

2.12. Statistical analysis

All data were expressed as means ± standard deviation (SD). The
statistical significance was evaluated by one-way ANOVA using SPSS
18.0 software. Values were considered statistically significant when p
≤ 0.05.

3. Results and discussion

3.1. Characterization of [RuCl(AMBI)(H2O)3]Cl2

The analytical data ofwater soluble [RuCl(AMBI)(H2O)3]Cl2 complex
(Fig. 1) indicated that the complex has 1:1 (metal:ligand)
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Table 2
The thermal analyses data of [RuCl(AMBI)(H2O)3]Cl2 complex.

Complex Loss Temp. range
assignment (°C)

Calc. mass
(found.) %

[RuCl(AMBI)(H2O)3]Cl2 Cl2 100–200 13.20 (13.01)
3H2O 200–320 17.35 (17.03)
C8H9N3Cl 320–420 44.62 (44.90)
RuO2 N500 24.71(24.99)
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Fig. 3. XRD pattern for the powder of [RuCl(AMBI)(H2O)3]Cl2.
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stoichiometry. The molar conductance value for that complex (10−3 M
H2O) is 290Ω−1 cm2 mol−1 which indicating the electrolytic nature of
the complex (presence of two chloride ions) [31]. Themagnetic suscep-
tibilitymeasurement shows that the complex [RuCl(AMBI)(H2O)3]Cl2 is
paramagnetic (μeff = 1.82 BM, low spin d5 S =½), as is normal for ru-
thenium(III) complex in an octahedral environment [4].

3.1.1. Infrared and electronic spectra of [RuCl(AMBI)(H2O)3]Cl2
The infrared spectrum of the free (AMBI) ligand shows onemedium

and broad absorption band in the region 3338–3270 cm−1, indicating
the vibration of the tertiary nitrogen atom of imidazole ring
ν(\\N_CH\\) and nitrogen atom of amino group ν(NH2). This band
was shifted toward lower frequency in the spectrum of Ru(III) complex
(3220–3155 cm−1). This indicates that coordination of the ligand
(AMBI) to Ru(III) ion via the tertiary nitrogen atom of imidazole ring
and nitrogen atom of amino group. These results are supported by the
appearance of new weak band at about 440 cm−1 attributable to
ν(Ru\\N) stretching [32].

The electronic spectrum of Ru(III) complex was recorded in water
solvent in the range of 200–700 nm. The ground state of Ru(III) in an oc-
tahedral environment is 2T2g and the first excited doublet levels in the
order of increasing energy are 2A2g and 2T1g, which arise from t2g4 eg1 con-
figuration. These bands in the region 260–350 nm are assigned to π-π*
and n-π* transitions, respectively. Beside these bands the spectrum
showed a third intense absorption band at 497 nm which can be
assigned to charge transfer transitions [32]. These results are found to
be in conformitywith the assignmentsmade for similar Ru(III) complex.

3.1.2. Electrochemical properties of [RuCl(AMBI)(H2O)3]Cl2
Electrochemical properties of this complex were investigated by cy-

clic voltammetry in DMF solvent (0.2 g TBHFP). Voltammetric data are
presented in Table 1 and selective voltammogram is shown in Fig. 2.
The voltammogram showed one irreversible reduction peak at −50
mV on the negative side against Ag+/AgCl, and reversible oxidation
wave (ΔE = 50 mV) on the positive side. The former is assigned to
RuIII/RuII reduction and the latter is assigned to RuIII/RuIV oxidation.
The one-electron nature of these waves can be established by compar-
ing the peak heights for each wave with that of the ferrocene-
ferrocenium couple under the same conditions. Similar results were re-
ported for RuIII complexes of octahedral environment [29].
3.1.3. X-ray diffraction analysis
The X-ray diffraction (XRD) pattern of the Ru(III) complex is shown

in Fig. 3. The pattern of that complex shows a broad hump at 2ϴ=14°
in addition to four sharp diffraction peaks at 2ϴ of 37.7, 43.9, 64.3, 77.4°.
This behavior indicate that the powder is a mixture of amorphous and
polycrystalline phases [33]. The lattice crystal system and parameters
which are a, b, c, α, β and γ for the complex are determined with
using CRYSFIRE computer program [34]. The optimum indexed miller
indices and space group are obtained using CHEKCELL program [35]. It
is found that Ru(III) complex has an orthorhombic crystal system with
space group PCCA. The obtained values of lattice parameters are 5.231,
4.774, 2.536, 90, 90 and 90 for a, b, c,α, β and γ, respectively. The deter-
mined crystallite size for complex is 37 nm.
3.1.4. Thermal analyses
The TGA curve of the complex shows that the change of substituent

affects the thermal properties of complex. The temperature intervals
and the percentage of loss of masses are listed in Table 2. Ru(III) com-
plex shows four decomposition steps, the first stage occurs in the tem-
perature range 30–200 °C is attributed to loss of two (Cl−), the second
stage in the temperature range 200–320 °C is attributed to loss of
three molecules (H2O), the third stage in the temperature range 320–
420 °C corresponding to loss of a part of the complex (C8H9N3Cl). The
final weight loss is due to the ruthenium oxide residue [36].
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3.2. DNA binding studies

3.2.1. Electronic absorption studies
The intrinsic binding constant to CT-DNA bymonitoring the absorp-

tion intensity of the charge transfer spectral band at 497 nm for the
complex was determined by titration with UV spectrophotometry
(Fig. 4). Upon the addition of increasing amounts of CT-DNA, a signifi-
cant “hyperchromic” effect was observed accompanied by a moderate
blue shift of 2–3 nm, indicating the stabilization of the DNA helix.
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Fig. 5. Effect of increasing amounts of Ru(III) complex on t
These spectral characteristics suggest that the complex bind either to
the external contact (electrostatic binding) or to the major and minor
grooves of DNA. Hypochromism possibly results from the interaction
between the electronic states of the intercalating chromophore and
that of the DNA base [37]. Moreover, this “hyperchromic effect” can be
explained based on the large surface area of the complex aswell as pres-
ence of planar aromatic chromophore facilitates a strong binding inter-
action of the complex with CT-DNA via, partial insertion of the aromatic
moiety in between the stacking base pair [38]. The intrinsic binding
0.5 0.6 0.7 0.8 0.9

x]/[DNA]

he relative viscosity of CT-DNA (1 × 10−3 M) at 25 °C.



Fig. 6. The percent of cell inhibition diagram of the human colon carcinoma (HCT-116) and breast adenocarcinoma (MCF-7) cell lines against different concentration of Ru(III) complex.
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constant (Kb) of the complex with CT-DNA was determined (Eq. (1))
and found to be 8.3 × 10−5.

3.2.2. Viscosity determination
Viscosity measurements were proved to be less ambivalent to sup-

port a complex-DNA binding model, as these measurements are very
much sensitive to the length change [39].When a small molecule inter-
calates between the DNA base pairs, it unwinds the DNA helix and
hence increases lengthen it, resulting in a significant increase in the vis-
cosity of DNA solution. However, a partial and/or non-classical interca-
lation of ligand may bend the DNA helix, resulting in the decrease of its
effective length and its viscosity [24]. The binding of the complex with
CT-DNA was clarified by measuring the relative specific viscosity of
DNA after the addition of varying concentration of the complex. To fur-
ther investigate the interactionmode of the bindingmode of complexes
with DNA, a viscosity study was carried out at 25 °C (Fig. 5). Viscosity
experimental results obviously showed that the relative viscosity of
CT-DNA increases gradually by addition of increasing concentration of
the complex. This observation can be explained in the fact that, classical
intercalation model demands that the DNA helix must lengthen as base
pairs are separated to accommodate the binding complexes, leading to
the increase of DNA viscosity, as for the behaviors of the known DNA
intercalators.

3.3. Anticancer activity of [RuCl(AMBI)(H2O)3]Cl2

3.3.1. In vitro assay
Determination of anticancer activity against the human colon carci-

noma (HCT-116) and breast adenocarcinoma (MCF-7) cell lines was
done byMTT assay in the presence of cisplatin as a reference anticancer
drug. The complex shows good cytotoxicity against the two cell lines
Fig. 7. In the left: The percent of apoptosis and necrosis cell death in bothMCF-7 and HCT-116 tr
the stained apoptotic and necrotic cells treatedwith the IC50 of the Ru(III) complex. (For interp
this article.)
with IC50 18.08 and 57.20 μg/mL, respectively (Fig. 6); while the IC50

of cisplatin against these two cell lines was 18 and 22 μg/mL, respec-
tively. These results showed the antiproliferative effect of Ru(III) com-
plex on HCT-116 cells was nearly as the cisplatin value; that indicates
its efficiency as anticancer agents.While, its IC50 onMCF-7 increased ap-
proximately two folds than the cisplatin value, that indicates lower tox-
icity of Ru(III) complex. The cytotoxic effect of Ru(III) complex increases
with increasing dose in both MCF-7 and HCT-116 cell lines (Fig. 6),
which also observed by Gozzi et al. [40] when the cytotoxicity of his ru-
thenium complex toward the two cell lines was by dose-dependent
manner. Recent studies with different ruthenium complexes had con-
firmed the antiproliferative effect of these complexes against MCF-7
cell line [41–45] and against human colon carcinoma [46–48].

3.3.2. Evaluation of cell death mode
The cell death occurs by necrosis or apoptosis. When necrosis oc-

curs; the cell loses its ions, organelle swell as well as the whole cell,
then the membrane permeability increases with releasing the cell's in-
tracellular content [49]. While, in apoptosis (programmed cell death)
the cell shrinks, keeping the plasma membrane integrity, and nuclear
destruction occurs [50]. In vivo, inflammation is engaged with necrotic
cell death pathway not apoptotic one [51]. The injection of IC50 value
of the [RuCl(AMBI)(H2O)3]Cl2 into the cell lines before incubation for
24 h, then stained with the acridine orange/ethidium bromide to be vi-
sualized by their colors.Where, the vital cells appear green, the necrotic
cells appear red and the apoptotic one appears yellow. The Ru(III) com-
plex shows the apoptotic effect on bothMCF-7 andHCT-116 cell lines by
percent to 23.1 and 33.1%, while the necrotic percentage is very small
(Fig. 7). Indicating that this complex may activate the natural cell
death pathway and that will stop the proliferation of cancer cells. As
shown in Fig. 7, the apoptosis (programmed cell death) was increased
eated cells compared to the control one. In the right: Thefluorescencemicroscopy photo of
retation of the references to color in this figure, the reader is referred to the web version of
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Fig. 8. The agarose gel for DNA damage assay. Lane 1: DNA ladder, lane 2: normal colon
cancer cells, lane 3: treated colon cancer cells showed smears and fragmentation in the
end of the lane. Lane 4: treated MCF-7 cells showed smears and fragmentation and lane
5: normal MCF-7 cells.
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ten folds in the treated MCF-7 than its percentage in the absence of Ru
(III) complex. That indicates the nuclear fragmentation of the cellular
DNA content that may be due to the binding between our [RuCl
(AMBI)(H2O)3]Cl2 and the DNA. Also, in treated HCT-116 cell line the
apoptotic percentage increases about thirteen times than its percent
in cancer cells without treatment. Several studies supported our results
of the apoptotic activation of ruthenium compounds on different cell
lines [52,53]. However, the ruthenium compounds may have another
way to destroy cancer cell besides apoptosis but needs more analysis
to be confirmed.

3.4. DNA damage assay

The DNA ladder assay is a strong indicator of the apoptotic cell death
[54]. The apoptotic appears as DNA ladder bands in the DNA samples. To
confirm the apoptotic pathway of [RuCl(AMBI)(H2O)3]Cl2 as anticancer
agent, the DNA ladder assay by gel electrophoresis was done. When
comparing the DNA fragmentation of the cancer cell line with the
Fig. 9. Percent of MCF-7 and HCT-116 cells in different phases of cell cycle after tr
treated one in the presence of DNA ladder as a standard; we found
that; the fragmentation bands of the treated cell line's DNA appear,
and the DNA degraded into several bands. Fig. 8 showed that, in lane 3
and 4 there were DNA laddering in both MCF-7 and HCT-116 treated
cells compared with untreated ones (lanes 2 and 5), respectively.
These indicated the apoptotic cell death and a destruction in the nuclear
DNA of the two cell lines when treated with our Ru(III) complex. This
may due to the attack of the nuclear DNA by our Ru(III) complex and
destroying it. These results agree with the previous DNA binding and
apoptotic cell death results.

Otherwise, the smearing of the treated cell line's DNA indicated
slightly necrosis. So, Ru(III) complex may take necrotic pathway, in
smaller extent, besides the apoptotic one. To approve which pathway
to be selected, we made the cell cycle analysis by flow cytometric
technique.
3.5. Cell cycle analysis

The cell cycle (cell division) phases include gap 0 (G0), gap 1 (G1),
gap 2 (G2) and synthesis (S) phases; then mitosis (M). Any percentage
changes between these phases leads to cell cycle arrest. To indicate the
mechanism of this compound as anticancer drug, a flow cytometric
analysis was done on the treated HCT-116 and MCF-7 cell lines with
the IC50 of the Ru(III) complex compared to the untreated one. Fig. 9
shows a decrease in S phase percent in treating MCF-7 cells by half
fold, that indicates the decrease entrance of the cell into DNA synthesis
phase and leads to decreased replication of cancer cells by the Ru(III)
complex due to its interaction with the DNA. Also, the decrease in G0/
G1 from 45% in untreated cells to 20% for the treated one; indicates de-
creased cell proliferation by treatment. In addition, there was an in-
crease in G2/M in treating MCF-7 cells from 25% in untreated cells to
66% indicating the cell cycle arrest in this phase. This accumulation in
G2/M indicates the interactions of the Ru(III) complex with DNA that
prevents the entry of the cancer cells into a new cell cycle.

A similar effect of the Ru(III) complex onHCT-116 cell line, both per-
cent of G0/G1 and S phase decreased in the treated cells than the control
eatment with IC50 of Ru(III) complex compared to untreated cells (control).



Table 3
Mean serum levels of liver and kidney functions tests.

Group GOT
U/L

GPT
U/L

Albumin
g/dL

Bilirubin
mg/dL

Creatinine
mg/dL

Urea
mg/dL

Uric acid
mg/dL

Control 145 ± 16.5 49 ± 10.7 2.9 ± 0.09 0.13 ± 0.1 0.57 ± 0.1 35.4 ± 1.4 2.85 ± 0.1
EAC 258 ± 50⁎ 103 ± 11.9⁎ 1.7 ± 0.15⁎ 0.3 ± 0.07⁎ 0.96 ± 0.1⁎ 41.5 ± 1.3⁎ 3.74 ± 0.1⁎

Low dose, 25 mg/kg, treated mice (I) 209 ± 45# 88 ± 6.1# 2.5 ± 0.1# 0.2 ± 0.08# 0.62 ± 0.1# 33.5 ± 1.9# 2.78 ± 0.2#

High dose, 50 mg/kg, treated mice (II) 215.8 ± 34a 99.9 ± 19a 2.35 ± 0.1# 0.18 ± 0.06# 0.82 ± 0.1a 33.4 ± 3.2# 2.84 ± 0.2#

Low dose group 178 ± 15⁎ 86.5 ± 9.6⁎ 2.8 ± 0.12b 0.15 ± 0.5b 0.62 ± 0.1⁎ 36.7 ± 4.5b 2.87 ± 0.2b

High dose group 192 ± 16⁎ 95 ± 4.4⁎ 2.4 ± 0.12⁎ 0.14 ± 0.5b 0.7 ± 0.04⁎ 31.7 ± 3.6⁎ 2.9 ± 0.14b

Values represent mean± standard deviation.
⁎ p b 0.05 compared to control group.
# p b 0.05, compared to EAC group.
a Non-significant p N 0.05, compared to EAC group.
b Non-significant p N 0.05, compared to control group.
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cells, with an increased in the percent of a G2/M percent in the treated
cells than the control one (Fig. 9).

3.6. In vivo experiment

EAC cells are a liquid tumor appears in the abdominal region, where
the untreated mice will have a large abdominal size. In our study, the
mean abdomen circumference of the EAC group, control and treated
groups was 11.6, 7.9 and 8.4 cm, respectively. So, there is no significant
increase in abdominal size of the treated groups when compared with
the control one, this indicates that the EAC cell proliferation were
stopped by the Ru(III) complex. Also, at the end of the experiment
(14 days) all the EAC mice were dying while only one mouse from the
low dose, 25 mg/kg, treated mice (I) was died; that confirms the anti-
cancer effect of Ru(III) complex with lower toxicity.

After the end of the experiment; the biochemical parameters were
analyzed in all groups. Serum glutamate-oxaloacetate transaminase
(SGOT) and Serum glutamate-pyruvate transaminase (SGPT) are liver
enzymes that produced in the hepatocytes and catalyze the transamina-
tion reactions in the amino acidmetabolism.When liver injury, damage
or cancer occurs, these enzymes were spilled out from the hepatocytes
into the blood stream and their levels increased in plasma. The severity
of liver damage is determined by the degree of elevation of these en-
zymes especially the SGPT. If enzymes levels were decreased again,
this will be an indication of hepatocyte healing or repair. Table 3
shows that the SGOT and SGPT in low dose, 25mg/kg, treated mice (I)
was significantly decreased than EAC group but didn't reach the values
of the control group. While, the albumin value of the low dose, 25mg/
kg, treated mice (I) was significantly increased than the EAC one. How-
ever, the bilirubin and creatinine levels in the low dose, 25 mg/kg,
treated mice (I) was significantly decreased than their levels in EAC
group and reaches the control group levels. Also, urea and uric acid
levels in the low dose, 25mg/kg, treated mice (I) were significantly de-
creased than their levels in EAC group and reaches the control group
levels. To indicate the toxicity of this dose on healthy mice, the low
dose group was done for 12 days. As listed in Table 3, the SGOT and
SGPT levels in the low dose group were elevated than the control
group, but still less than their levels in the EAC group. This may due to
Table 4
The hematological parameters in control, EAC, treated (I) and treated (II).

Group Hb (g/dL)

Control 15.6 ± 0.4
EAC 10.4 ± 0.14⁎

Low dose, 25 mg/kg, treated mice (I) 12.2 ± 0.17#

High dose, 50 mg/kg, treated mice (II) 13.2 ± 0.11#

Low dose group 13.3 ± 0.23⁎

High dose group 13.4 ± 0.21⁎

Values represent mean± standard deviation.
⁎ p b 0.05 compared to control group.
# p b 0.05, compared to EAC group.
the slight toxicity of the Ru(III) complex on the hepatocytes, but this
toxicity didn't cause severe liver injury as indicated from albumin re-
sults which is significantly increased than the EAC group and reaches
its control level. Also, the bilirubin level didn't elevate in the low dose
group. The creatinine level was slightly increased than the control
group, but the urea and uric acid levels were not changed than the con-
trol group. These results indicated that the Ru(III) complex in that dose
was toxic to cancer cells and safe on liver and kidney cells.

However, the creatinine level was elevated in high dose, 50 mg/kg,
treated mice (II) than the control one, but, the urea and uric acid levels
still in their normal levels which indicate slight injury of the kidney by
high doses of the Ru(III) complex. On the other hand, the SGOT and
SGPT in high dose, 50 mg/kg, treated mice (II) and in the high dose
groups were elevated than the control group with slightly decrease in
albumin levels in these groups than the control one, but still higher
than those of the EAC group. Hence, Ru(III) complex hepatotoxicity
was increased with high dose so, caution may be noticed in higher
doses.

Since the main problem of cisplatin treatment is its nephrotoxicity
[55]: our results show that the kidney function tests (creatinine, urea
and uric acid) were decreased significantly in the treated group than
the EAC group and reaches their value in the control one, that indicates
the safety of our Ru(III) complex on the kidney. Another study established
that the ruthenium complexes are safe on the kidneywhen the creatinine
increases by 30% in treated mice, then decreased and reaches its normal
value after 7 days of stopping the treatment [8] and the histological anal-
ysis of the kidney becomes normal after the first cycle of treatment, but
the destruction of renal tubules appears after repeating the treatment cy-
cles (these results are not found in our study). While in our study, there
was slightly increased in creatinine value during the 12 day experiment
(with decreased levels of other kidney function tests) which approved
the safety of [RuCl(AMBI)(H2O)3]Cl2 on the kidney.

3.6.1. Hematological parameters
The measuring of the red blood cells (RBCs) count indicates the ox-

idative damage to these cells which persuaded by the cancer. Also, the
toxicity of the drug on the erythrocyte membrane can be predicted
from the RBCs count. In our study, the effect of treatment with Ru(III)
RBCs (×1012/L) WBCs (×109/L)

8.70 ± 0.18 6.87 ± 0.43
5.59 ± 0.11⁎ 11.10 ± 0.3⁎

6.00 ± 0.15# 7.30 ± 0.15#

6.79 ± 0.22# 9.72 ± 0.14#

7.00 ± 0.13⁎ 7.30 ± 0.2⁎

7.40 ± 0.17⁎ 8.10 ± 0.6⁎



Fig. 10. Graphical presentation of real-time quantitative PCR analysis of the expression of
Top I gene in liver of control (Cnt), Ehrlich Ascites Carcinoma (EAC), and Ru(III) complex
treated group (I). Means within column carrying different superscript letters are
significantly different (***p ≤ 0.001, ****p ≤ 0.0001).

Table 5
Mean serum activities of SOD, CAT and TAC and the mean levels of GSH in serum and MDA in red blood cells.

Group SOD
U/mL

GSH
U/L

Catalase (CAT)
U/L

TAC
mM/L

MDA/RBCs (mol/mL packed cells × 10−5)

Control 203.9 ± 9.6 198.4 ± 9.8 126.7 ± 4.1 1.5 ± 0.08 0.95 ± 0.13
EAC 118.7 ± 11.2⁎ 82.9 ± 9.6⁎ 68.5 ± 2.3⁎ 0.83 ± 0.08⁎ 2.9 ± 0.31⁎

Low dose, 25 mg/kg, treated mice (I) 238.5 ± 10.7# 180.6 ± 10# 107.3 ± 3.5# 1.3 ± 0.06# 1.7 ± 0.22#

High dose, 50 mg/kg, treated mice (II) 220.9 ± 11.9# 171 ± 7.9# 119.8 ± 6.5# 1.4 ± 0.04# 1.5 ± 0.28#

Low dose group 161 ± 8.6⁎ 145.3 ± 5⁎ 95 ± 4.6⁎ 1.3 ± 0.08⁎ 1.1 ± 0.1⁎

High dose group 186 ± 8.9⁎ 176.7 ± 3.5⁎ 92 ± 4.4⁎ 1.3 ± 0.04⁎ 1.3 ± 0.25⁎

Values represent mean± standard deviation.
⁎ p b 0.05 compared to control group.
# p b 0.05, compared to EAC group.
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complex in the low dose, 25 mg/kg, treated mice (I) and in high dose,
50mg/kg, treatedmice (II)was shown in Table 4: the hematological pa-
rameters were evaluated in comparison to EAC group. Our results show
that, there is a statistically higher hemoglobin concentration (Hb) in low
dose, 25 mg/kg, treated mice (I) and in high dose, 50 mg/kg, treated
mice (II) in comparison to EAC group. Also, the RBCs count increased
in low dose, 25 mg/kg, treated mice (I) and in high dose, 50 mg/kg,
treated mice (II) when compared to EAC group. On the other hand,
the leukocyte count increases significantly in the EAC group than the
control group because of cancer cell replication that elevated the inflam-
mation. As the treatment stops cancer cell's replication; thewhite blood
cells (WBCs) count decreased in the low dose, 25 mg/kg, treated mice
(I) and in high dose, 50 mg/kg, treated mice (II) when compared with
the EAC group.

Also, to indicate the toxicity of our complex the hematological pa-
rameters were measured in the low and high doses groups. As the he-
moglobin and RBCs levels were slightly decreased in these groups
than the control group, but still higher than the EAC group, which indi-
cated little toxicity on red blood cells. While theWBCs count in the low
and high dose groups were slightly elevated than the control group be-
cause of the toxicity to the liver cells which leads to inflammation that
increases the WBCs count. Similarly, the improvement of the hemato-
logical parameters in the treated groups than the EAC one indicates
the safety of our Ru(III) complex. Also, the decreased in hemoglobin
and RBCs count in the EAC group because the oxidative damage of the
red cells by the free radicals;which eliminated by the treatment and ap-
pear in increasing the hemoglobin and RBCs count.

3.6.2. Mortality percentage/group
Mortality of the experimental mice was calculated at the end of the

experiment (Eq. (5))when thefirst EAC-micewasdying (after 12 days).
5 mice from each group were kept till the 14 days, 3 mice from 4 of the
EAC group were dead on the 13th day and the last one died in the 14th
day.

Mortality percentage in a group %Mtð Þ ¼ Number of dead mice
Total number of mice

� 100 ð5Þ

The mortality percentage (% Mt) of the treated group (I) was 10%
compared with the control group. While, the % Mt of the treated
group (II) was 20% in comparison with the control group. The % Mt of
the EAC group was 100% at day 14.

3.6.3. Antioxidant activity assay
The reactive oxygen species (ROS) had a very high levels in cancer

cells due to increased metabolic activity and cyclooxygenases [56].
ROS always damage tissues, organs andDNA [57]. Antioxidant enzyme's
role is to scavenge different ROS, but when these ROS increases -by can-
cer- the activity of these enzymes was depleted. Superoxide dismutase
(SOD) role is to scavenge superoxide anion and protect the cell from
damage [58]. Catalase (CAT) can scavenge the intracellular hydrogen
peroxide and reduces the oxidative cell damage [59]. Glutathione acts
by reducing the disulphide bonds of cytoplasmic protein to cysteines.
Glutathione reductase (GSH) reduces the oxidized glutathione into its
reduced form and hence scavenge the present ROS [60]. The overall de-
gree of oxidative damagewas indicated by the level ofmalondialdehyde
(MDA) [61].

It was shown fromTable 5 that, the SOD levels in the EAC groupwere
significantly decreased than the control one due to the healthy
cell's damage accompanying the cancer burden. While, in the low
dose, 25 mg/kg, treated mice (I) and high dose, 50 mg/kg, treated
mice (II) the SOD levels were significantly increased than the EAC and
the control ones. This can be due to cell damage accompanying the can-
cer burden reduction, and the SOD compensates the increased ROS gen-
erated from the former damaged cells. Also, both GSH and CAT were
significantly decreased in the EAC group in comparison to the control
one; while increased again in Ru(III) complex treated group but not
reach the control values. These results improved the removal of cancer
burden from the cells by the Ru(III) complex and the cells repaired its
antioxidant system again. At the same time, the total antioxidant capac-
ity (TAC) which is the overall values of oxidant capacity was decreased
in EAC group when compared to control one and then significantly in-
creased in Ru(III) complex treated group as the cell damage stopped
by the treatment. On the other hand, the MDA levels in red blood cells
increased significantly in EAC group as the oxidative stress increased -
in comparison to the control and treated group. However, the MDA
level were decreased in the Ru(III) complex treated group than the
EAC group but still in higher values when compared with the control
one. This may contribute to the cancer burden which was found in the
treated cells thatmake the cell compensate the damage bymore antiox-
idant enzyme secretion to repair the damaged cells. Therefore, the de-
pletion of the antioxidant enzyme in the EAC group and increased its



Fig. 11. Photomicrographs of liver sections: (A) normal control mice liver (×400) showing normal histological structure, (B1 (×400) and B2 (×100)) EAC mice liver sections showing
severe damage of liver structure including the formation of pseudo lobules with fibrotic septa (green arrows) and (C) treated mice with 25 mg/kg liver section (×400) showing
disarrangement of hepatic strands and few of fibrotic septa (green arrows). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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level in the treated groups proven the removal of the cancer burden by
Ru(III) complex and reduction of the oxidative stress on the tissues. That
makes us hypothesized that, Ru(III) complex have antioxidant charac-
ters or ROS scavenger; and this hypothesiswere agreedwith other stud-
ies [62,63].
3.7. Topoisomerase I assay

DNA is much longer than the organism itself (about 2 m long) then
goes supercoiling process with compact several times to fit the cell nu-
clei (10−17 m3). Topoisomerase I (Top I) can break theDNAdouble helix
structure to allow relaxing of DNA for the transcription or replication
processes [64]. Top I is an important enzyme that can be estimated in
cancer cells [65] and the target enzyme for anticancer drugs [66]. Ruthe-
nium complexes were found to inhibit topoisomerase I activity and be
promising for anticancer therapy [67].

As shown in Fig. 10; the Top I activity was increased significantly in
EAC group in comparison to control group, this may due to the highly
proliferation of cancer cells than the normal one. On the other side,
the Top I activity was half fold decrease in the low dose, 25 mg/kg,
treated mice (I) than the EAC one and that may be due to the action of
the Ru(III) complex as a topoisomerase I inhibitorwhich inhibit the rep-
lication of DNA in cancer cells and so the apoptosis process was in-
creased. However, the Top I activity in the low dose, 25 mg/kg, treated
mice (I) is still higher than that of the control one; because of the former
cancer burden that was on the cells was stopped by the Ru(III) complex.
Our results agreed with other study results that the Top I level was de-
creased in the treated group than the untreated one [68–70]. Which ap-
proved that our Ru(III) complex decreases cancer cell proliferation and
hence the activity of Top Iwas decreased and blocks the DNA relaxation
process, then stops the transcription/replication process of the cancer
cells. Our result suggested that, our Ru(III) complex has an effects on
DNA cleavage and forces the cancer cell toward the apoptotic pathway
by decreased the Top I activity [71].
3.8. Histology results

The liver histopathological results are represented in Fig. 11. The
liver sections of EAC induced mice (EAC group) showing hepatic nod-
ules surrounded with mononuclear cells infiltration mostly surrounded
with halo zone of suspected EACs, and most of hepatocytes were mark-
edly vacuolated. While, the low dose, 25 mg/kg, treated mice (I) has a
few fibrotic septa due to the Ehrlich cancer burden on the liver, but ma-
jority of liver cells is normal when compared with control and EAC
groups. Another evidence of removing the cancer burden with minor
hepatotoxicity is the histopathology; which improved that the low
dose, 25 mg/kg, treated mice (I) liver affected a little by the treatment
as most of its cells remain normal.
4. Conclusion

Synthesis and characterization ofwater soluble [RuCl(AMBI)(H2O)3]
Cl2 complex was described by different spectroscopic techniques. The
molar conductance measurements proved that the complex is electro-
lyte. The CT-DNA binding activity of complexwas studied by absorption
spectra and viscosity measurements. Water soluble Ru(III) complex
was promising chemotherapeutic drug against cancer both in vitro -by
increasing the cell apoptosis and cell cycle arrest- and in vivo by stop-
ping the EAC cells proliferation. It can be used in pre-clinical trials with-
out worrying of nephrotoxicity, but care must be noticed about its liver
toxicity. Also, more experiments must be done on different animal can-
cer models with the analysis of the molecular signaling pathway to
prove the exact anticancer pathway of this compound.
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