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Abstract

In pursuit of a novel approach in colon cancer therapy, we explored the ability of ruthenium baicalein
complex to eradicate colon cancer by efficiently targeting various apoptotic pathways on human colon
cancer cell line and on a DMH and DSS induced murine model of colorectal cancer. In this study, we
provide direct proof of the chemotherapeutic potential of the ruthenium baicalein complex by activating
p-53 dependent intrinsic apoptosis and modulating the AKT/mTOR and WNT/- catenin pathways. The
ruthenium baicalein complex was synthesized and its characterizations were accomplished through
various spectroscopic techniques followed by assessment of antioxidant potential by DPPH, FRAP, and
ABTS methods. In vitro study established that the complex increased p53 and caspase-3 expressions while
down regulating VEGF and mTOR expression, induced apoptosis, and DNA fragmentation in the HT-29
cells. Acute and sub-acute toxicity study was also considered and results from in vivo study revealed that
complex was effective in suppressing ACF multiplicity and hyperplastic lesions and also raised the CAT,
SOD, and glutathione levels. Furthermore, the complex decreased cell proliferation and increased
apoptotic events in tumor cells correlated with the upregulation of Bax and downregulation of Bcl2,
WNT and [3- catenin expressions. Our findings from the in vitro and in vivo study provide robust
confirmation that ruthenium baicalein complex possesses a potential chemotherapeutic activity against
colon cancer and is competent in reducing ACF multiplicity, hyperplastic lesions in the colon tissues of
rats by inducing apoptosis.

Key words: ruthenium baicalein complex, structural characterization, in vitro study, toxicity study, colon
carcinogenesis

Introduction

Colorectal cancer (CRC) is a class of malignant
neoplasm emerging from the epithelial cell lining of
the colon or/and rectum that has been the third most
prevailing cancer worldwide and the fourth leading
cause of cancer related death [1]. Rapid increase of
CRC burden has been documented in developing
countries of Asia, Africa, where as stabilization of
occurrence of death from CRC has been observed in

countries like USA, Europe and Australia [2-3].
Escalation of CRC cases in developing countries
largely relies on poor lifestyle, diet, obesity, alcohol
intake, smoking etc [4]. In India CRC is the 5% most
common cancer in both male and female with one of
the lowest five year survival rate in the world (less
than 40%). According to the CONCORDE-2 study the
five year survival rate even falls in some parts of India
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mostly due to delays in detection and inadequate
treatments [5]. Conventional ways to treat colorectal
cancer are surgery, radiation, chemotherapy, targeted
therapy, which may improve the five year survival
rate altogether, but post-operative measurements and
deleterious toxicity of long term chemotherapeutics
compels researchers to develop more efficient novel
drugs with minimized toxicity [6].

The incompetence of the existing treatments to
abolish the disease encourages us to explore the
therapeutic milieu for better and effective chemo-
therapeutic alternatives. The therapeutic efficacy of
transition metals in cancers, metabolic disorders and
neurological disorders has been demonstrated
numerous times [7 - 8]. The invention of cisplatin (a
platinum based drug) in 1978 spearheaded a new era
of cancer treatment resulting in almost half of the
cancer population being treated with platinum based
drugs [9]. Despite the dynamic antineoplastic activity
of platinum drugs, heinous toxicity and drug
resistance have chiefly limited its use in current
scenario [10]. Lately ruthenium (Ru), a non-platinum
transition metal has emerged as a probable alternative
to platinum in cancer chemotherapy [7- 8].
Researchers have extensively explored the inherent
properties of ruthenium, like its multiple oxidation
state, iron mimicking properties, ligand exchange
kinetics which impart far lesser toxic effect as
compared to platinum [11]. To assess the antineo-
plastic activity of ruthenium several studies have been
carried out and two ruthenium based moiety namely
NAMI-A and KP1019 are currently in clinical trials
[12- 14].

The association between diet and colorectal
cancer has been well documented and established for
over 25 years [15]. High fiber rich foods, fruit intake
and low amount of red meat, fat, alcohol consumption
have all been associated with lower rates of CRC in
population based studies [16- 17]. Dietary flavonoids
are the large classes of polyphenolic compounds that
have demonstrated various pharmacological activities
including anti-cancer [18-20]. Baicalein (5,6,7
trihydroxyflavone), a major, active constituents of
Scutellariae radix plant (also known as Chinese
Huang Qin), is a well-known component of the
traditional Chinese herbal remedy having anti-
inflammatory and antitumor activity [15, 21]. Like
other flavonoids, the principal ring system of
baicalein is C6-C3-C6 which helps it to chelate with
metal ions and the complexation of baicalein with
metals has been reported to improve radical
scavenging properties of the flavonoid [22]. Studies
revealed that baicalein has potent anti-tumor activity
and it induces apoptosis via a mitochondrial-
dependent caspase activation pathway in bladder

cancer cells [23]. The chemopreventive property of
baicalein in breast cancer cell line has also been
successfully demonstrated earlier [24]. Other studies
showed baicalein induced apoptosis in HT-29 colon
tumor xenograft through the AKT pathway and
arrested HCT116 adenocarcinoma cell cycle at S phase
via activation of the caspase cascade [25-26].

In murine CRC models, Aberrant Crypt Foci or
(ACF) are the earliest identifiable lesion demarcating
the progression of colon cancer [27]. It has also thus
far been observed that exuberant presence of proteins
like Proliferating cell nuclear antigen (PCNA) and the
reticence of apoptotic processes, manipulated by a
charade of pathways, is often associated with the
prognosis of the disease [28]. Apart from these,
alterations of proteins like p53, VEGF (Vascular
Endothelial Growth Factor), mTOR (Mammalian
Target of Rapamycin) signaling pathway, Bax (BcL2
associated X protein) and Bcl2 (B-cell lymphoma 2) is
observed to be involved in the growth and evolution
of colon cancer [29- 31].

1,2-dimethylhydrazine (DMH) is a broadly used
chemical to induce colorectal carcinogenesis in
rodents for research purposes [32]. DMH exhibits
induction of colorectal tumor in rats in a dose-
dependent manner [33]. To synergize colitis formation
Dextran sulphate sodium (DSS) is given to the rodents
in drinking water alongside DMH [34]. Administra-
tion of DSS in drinking water forms most severs
murine colitis resembling that of human ulcerative
colitis [35].

To the best of our knowledge, the Ruthenium-
baicalein complex has not been investigated
previously and is a novel moiety whose biological
activities have not yet been explored. In this study,
we have synthesized and characterized ruthenium-
baicalein complex and evaluated its antioxidant
activity and DNA binding properties. The chemo-
therapeutic activity of this novel complex has also
been investigated in human colorectal cell line HT-29
and on a well-defined model of chemically (DMH+
DSS) induced rat colon carcinoma.

Materials and method

Chemical, Reagents and cell line

All reagents used for experimental purpose were
of analytical reagent grade. Extra pure methanol,
Baicalein, RuCls. xH2O, DPPH (2, 2-diphenyl-2-picryl-
hydrazyl), ABTS (2, 2’-azinobis 3-ethylbenzothiazo-
line-6-sulphonic acid diammonium salt), TPTZ (2, 4,
6-Tri(2-Pyridyl)-s-triazine), highly polymerized CT-
DNA (calf thymus DNA), Tris HCl, 7, dimethylhy-
drazine (DMH), dextral sodium sulphate (DSS),
biotinylated goat anti-rabbit IgG, streptavidin peroxi-
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dase, 3,3’- diaminobenzidine (DAB), proteinase K,
foetal bovine serum (FBS), insulin L-glutamine,
sodium pyruvate, streptomycin, penicillin, MTT (3-
(4,5-dimethyl thiazole-2-yl)-2,5-diphenyltetrazolium-
bromide), Annexin V and propidium iodide (PI) were
purchased from Sigma Aldrich Chemical Co (St,
Louis, Mo, USA). Rabbit anti-rat p53, Bax, Bcl2,
PCNA, VEGF, caspase-3, mTOR, WNT, Beta catenin
were purchased from ANASPEC Inc. (San Jose, CA,
USA). The HT-29 colorectal cancer cell line was
procured from National Centre Cell Science (NCCS),
Pune, India. Apoptosis detection kit obtained from
Takara Bio Inc (Japan). Other reagents used for the
experimental purpose were obtained in the purest
form from local firms.

Synthesis of ruthenium-baicalein complex

In a beaker, 900 mg (3.33 mM) of baicalein was
dissolved in 50 ml of methanol with continuous
stirring and a solution of ruthenium-chloride 345 mg
(1.6 mM) was added drop wise in a molar ratio of 1:2.
The solution was stirred continuously for 24 hours
and pH was adjusted to 7 with 1(M) NaOH. A dark
green solid soluble in methanol and dimethyl
sulphoxide (DMSO) precipitated after a few days and
was stored in a vacuum desiccator over silica gel
(SiOz).

Instrumental analysis

Characterization of ruthenium-baicalein
complex

UV-Visible spectra of free baicalein and
ruthenium-baicalein complex (1 X 10® mol 1) in
MeOH were obtained by UV-1800 Shimadzu double
beam spectrophotometer using standard 1.00 cm
quartz cell. The formation of complex was further
confirmed by Infrared spectra using FT-IR
spectroscopy (ALPHA-T, Bruker, and Rheinstetten,
Germany) at a range of 500-4000 cm™. The structural
elucidation of ruthenium-baicalein complex was done
by the help of mass spectrometry (ESI-MS) technique.
Molecular ions scanning range (m/z) were taken at
150-1100. The 'H-NMR spectra was performed in
DMSO using Bruker- Avance-600 MHz spectrometer.
The morphological characteristic of the sample was
investigated using a scanning electron microscope
(JEOL MAKE, (UK) MODEL- JSM6360) at an
accelerating voltage of 17kV. Micrographs were
recorded at different magnification. X-ray diffraction
of the ruthenium baicalein complex was recorded in
X'Pert Pro XRD system (PANanlytical) using X’
celerator operating at 40 kV and 30 mA with
Bragg-Brentano geometry to study the surface and
morphological characteristics with step size 0.05 (20),
step time 75 sec from 5 to 95.

Measurement of antioxidant activity of
ruthenium baicalein complex

DPPH assay

DPPH free radical scavenging capacity of the
complex, ruthenium and baicalein were investigated
and compared using a previously reported method by
Dolatabadi [36]. Different concentrations of the
complex, ruthenium and free baicalein were added to
the freshly prepared solution of DPPH and their
absorbance recorded at 517nm. The absorbance was
measured for 25 minutes at every 5 minute interval
(As). A solution of DPPH served as blank (Ac). The
following equation has been used for the calculation
of the percentage of radical scavenging activity (RSA
%).

(RSA %) =100 (Ac.As)/ Ac.
FRAP assay

To investigate the ferric reducing property of
complex compared to baicalein the method of Benzie
was followed [37]. The experiment was carried out for
different concentrations (5, 10, 20,30,40,50 uM) of the
complex as well as free baicalein and ruthenium, then
absorbance was observed at 593 nm.

ABTS assay

ABTS radical scavenging activity of the
ruthenium baicalein complex was carried out as per
the method of Pennycooke, Cox & Stushnoff [38]. The
absorbance was monitored at 734nm for 10-12
minutes after the addition of different concentrations
of baicalein and the complex into the ABTS solution
(incubated 10 minutes at room temperature). The
percentage of radical scavenging activity (RSA %) was
calculated by the following equation :

Radical Scavenging activity at 750nm (%) = 1- As
/ Apx100.

Where, Ap= Absorbance of uninhibited radical cation,
A¢ = Absorbance measured 10-min after addition of
the complex.

DNA binding study of ruthenium-baicalein
complex

The mode of intercalation of calf thymus DNA
by ruthenium baicalein complex was measured by
UV-Visible spectra using UV-1800 shimadzu double
beam spectrophotometer. Solution of the CT-DNA &
ruthenium baicalein complex was scanned using a 0.5
cm (1 ml) quartz cell. Spectra were recorded by the
progressive addition of pure DNA to the
ruthenium-baicalein complex [39].The stock solution
of DNA (of concentration 1x10-* M per nucleotide)
was prepared at pH 7 by dissolving DNA in 5 mM
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Tris-HCI buffer and 50mM NaCl. A solution of
CT-DNA gave a ratio of about 1.8-1.9:1 at 260-280 nm
wavelength, which indicated that the DNA was free
of protein. Broad absorption bands in a range of
220-370 nm were observed in the absorption spectra
of the complex. Interaction of DNA with the complex
was observed under UV-Visible spectra, the absorb-
ance was recorded after each successive addition of
DNA to a 5uM stock solution of the complex. The
intrinsic binding constant was calculated from the
data with the help of the following equation:

DNA / .- = DNA / ep-er+ 1 / Kb(Sb-Sf)

Where, DNA is the concentration of DNA in base
pairs, e, is the observed extinction coefficient Agbs/
Ru, & corresponds to the extinction coefficient of the
free compound, &, corresponds to the extinction coeff-
icient of the bound compound. & is calculated from
the calibration curve of the baicalein-ruthenium
complex isolated in the aqueous solution. From Beer’s
law the &, is obtained as the ratio of the measured
absorbance and the ruthenium baicalein complex
concentration [37].

In-vitro experiments

Cell culture

The HT-29 cancer cell line was purchased from
‘National Centre for Cell Science” (NCCS), Pune. The
cell line was maintained in DMEM growth media
supplemented with 10% FBS (foetal bovine serum)
containing antibiotics, penicillin/streptomycin (0.5
mL") in an atmosphere of 5% CO, & 95% air at 37°C.

Cell viability assay

The assay was determined by metabolizing
yellow tetrazolium salts MTT (3-(4, 5 dimethylthiozol-
2-yl)-2, 5- diphenyltetrazolium bromide) into reduced
formazan crystals by mitochondrial succinate
dehydrogenase [40]. Cells were plated in 96 well plate
with 5.0x10° cells per well in culture medium and
incubated overnight at 37°C in a 5% CO, humidified
incubator for 24 hours and were treated with three
different concentrations (5, 15, 30 pM) of ruthenium
baicalein complex for 12, 24, 36 and 48 hours in a
complete growth medium. The medium was removed
after treatment and MTT solution (0.5 mg/ml -1) was
added to each well and incubated at 37°C for 3 hrs.
The optical density of solubilized crystals in DMSO
was measured at 560 nm on a microplate reader. The
percentage of cell viability was calculated using the
following equation.

% viability = 100- % of cytotoxicity

Cell cycle and detection of apoptosis by
flowcytometry

To determine the cell cycle phase distribution,
HT-29 cells were brought into suspension, and a
double labelling system of both FITC conjugated
Annexin-V and Pl medium with complex treated (at 5,
15 and 30 uM concentrations) and untreated cultured
HT-29 cells (1x 106) were observed after 36 hours. Cell
cycle phase distribution of nuclear DNA was
performed on FACS (fluorescence-activated cell
sorter), using Modfit software, a total of 10,000 events
were acquired and flowcytometric data analysis was
performed and a histogram of DNA content versus
counts was displayed according to the method
developed by Li [41].

Detection of p53, mTOR, AKT, caspase-3 and
VEGF and protein expression by western
blotting

The expressions of p53, mTOR, AKT, caspase-3
and VEGF were detected in HT-29 cells by western
blot analysis. The cells were treated with ruthenium-
baicalein complex of doses 5, 15 and 30 pM for 24 hrs
and cultured for 6 hrs following a change in the
medium. Total cell lysates at approximately 2 x 10°-
1 x 107 cells per ml were prepared and equivalent
amounts of proteins were resolved by SDS-PAGE
electrophoresis (10-12%) followed by transfer to PVDF
(polyvinylidene difluoride) membranes and blocked
with Tris buffer (25mM) containing 0.15M NaCl, 0.1
% Tween 20 and 2-5% non-fat dry milk. The
membranes were incubated with p53, caspase-3,
VEGF, mTOR primary antibodies at 4°C followed by
horseradish peroxidase-labelled secondary antibody
for 1hr. The membrane was again washed for 30-60
minutes with 5 or more changes in blotting buffer.
Chemiluminescent (ECL Western Blotting) kit was
used to detect the protein loading against B-actin as
control [42].

In-vivo study

Animal husbandry and maintenance

Swiss albino mice (25-35 gm) of both sexes was
selected for toxicity study, and for in-vivo carcino-
genic study, 3-4 week old male Sprague-Dawley rats
(80-100 grams) were purchased from Indian Institute
of Chemical Biology (IICB), Kolkata, India and
quarantined for a week. Animals were kept in
polypropylene cages maintained on a 12-hour
light/dark cycle, at RT of 22°C (£ 3°C) and humidity
at roughly 50-58%. All rats were maintained on a semi
purified basal diet (Lipton, Calcutta, India) (Table 1)
and demineralized water ad libitum for 10 days
before the experiment.
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Table 1. Composition of food mixture.

Ingredient Amount (g/kg diet)
Wheat flour (Triticum aestivum)a 500

Bengal gram (Cicer artetinum) 150

Maize dust (Zea mays) 150

Milk powder (Spray dried) 150

Macromineral mix® 49.75

Micromineral mixe 0.25

Toxicity study
Acute oral toxicity study (LD50)

The acute toxicity study of ruthenium-baicalein
complex was conducted by following Guidelines of
the Organization for Economic Co-operation &
Development (OECD) was maintained for testing of
chemicals, TG 420 (adopted December 2001) to obtain
the LDso value and to determine the safe doses of the
complex. Thirty Swiss albino mice (both sexes)
(nulliparous & non pregnant; 30+ 5gm) were taken
and randomized into five groups (six animals per
group, three of each sex) namely control (given 0.5%
carboxy methyl cellulose prepared in double distilled
water as a vehicle at a dose volume of 10ml/kg body
weight) and test (1000, 800, 600, 300 mg/kg of the
ruthenium baicalein complex) group. Immediately
after drug administration, the animals were provided
with food and water and kept under observation for
three days [43].

Sub-acute toxicity studies

Healthy adult male & female Swiss albino mice
(30 5gm) were randomly allotted to four experi-
mental groups: complex treated (50, 100, 200, 400
mg/kg) and 0.5 % carboxy methyl cellulose (CMC)
served as a control group. Each group consisted of 10
mice, 5 of each sex. The animals were treated with
ruthenium-baicalein complex orally and sacrificed
after 28 days by ether anesthesia for further hemato-
logical, serum biochemical and histopathological
studies.

Hematological and serum biochemical study

Blood samples were collected into EDTA tubes
(Merck Pvt. Ltd Mumbai, India) for the assessment of
hematological parameters including Red blood cell
(RBC) count, Haemoglobin (HB) concentration, Mean
Corpuscular Haemoglobin (MCH), Mean Corpuscular
Volume (MCV), Mean Corpuscular Haemoglobin
Concentration (MCHC), platelet (PLT) count, white
blood cell(WBC) count and WBC differential counts
(lymphocyte, monocyte, basophil, eosinophil) and
were examined by Medonic CA-620 cell analyzer
system (Boule Medical, Stockholm Sweden).Serum
Biochemistry parameters like alanine aminotransfer-
ase (ALT), aspartate aminotransferase (AST), alkaline

phosphatase (ALP), Glucose (GLU), creatinine, blood
urea nitrogen (BUN), total bilirubin (TP) and
Cholesterol were analyzed using a Microlab 3000 auto
analyzer (Merck Pvt. Ltd. Mumbai, India).

Histopathological study of mice organs

After 28 days sub-acute toxicity study, major
organs like liver, kidney, stomach and testis were
collected from each group and preserved in 10%
formalin solution. Tissues were dehydrated through
graded alcohol and embedded in low melting point
paraffin wax on a glass slide of 5um thickness. The
sections were deparaffinized in Xylene & rehydrated
through graded alcohol and stained with hematoxylin
and eosin (H&E) for microscopic evaluation.

In-vivo experiments

Experimental Protocol

The animals were divided into six groups
assigned as L, 11, III, IV, V, VI, VII and each group
consisted of six animals. After 10days acclimatization,
DHM at a dose of 30 mg/kg body weight was
administered by a single intraperitoneal injection to
the animals of group II to VII. On the seventh day 2%
DSS was given in drinking water and continued for a
week [18]. The experimental design of the groups is
given below

e Group I: the normal control group.

e Group II: comprised of carcinogen (DMH+DSS)
treated animals.

e Group II: carcinogen (DMH+DSS) treated
animals supplemented with 50 mg/kg body
weight dose of the complex.

e Group IV: carcinogen (DMH+DSS) treated
animals supplemented with 100 mg/kg body
weight dose of the complex.

e Group V: carcinogen (DMH+DSS) treated
animals supplemented with 200 mg/kg body
weight dose of the complex.

e Group VI carcinogen (DMH+DSS) treated
animals supplemented with 100 mg/kg body
weight dose of ruthenium.

e Group V: carcinogen (DMH+DSS) treated
animals supplemented with 100 mg/kg body
weight dose of baicalein.

After 20 weeks, the animals were sacrificed under
ether anesthesia followed by further studies.

ACEF counts of colon

The presence of ACF on the colonic mucosal
layer was identified from the normal crypts by their
dark stain, elliptical shape and thick epithelial lining.
The entire colon was observed for adenocarcinoma.
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The total number of ACF present in each animal colon
was noted. The distal colon tissue (5 cm?) was cut
open and fixed flat on filter paper and fixed with 10%
buffered formalin for 12 h and then stained with 0.1%
of methylene blue in PBS for 5 min. Specimens were
observed under microscope (40X magnification).
ACFs were clearly identified, counted and calculated
as Number of counts/5cm? [44].

Histopathological evaluation of colon

Ten animals from each group were randomly
selected and the distal colon tissue was excised from
ether anesthetized rats. The tissue was fixed in 10%
formalin routinely processed and cut in 5um thickness
before placing on the slides. The sections were stained
with hematoxylin and eosin (H&E).

Antioxidant activity of homogenized colon
tissues

For the estimation of enzymatic antioxidants,
tissue were crushed and homogenized (10% w/v) in
0.1 M phosphate buffer (pH 7.0) and centrifuged for
10 min and the resulting supernatant was used for
enzyme assays [45].

Estimation of catalase activity

Catalase activity was performed by the process
described by Sinha and his co-workers [46]. The
absorbance was recorded at 620nm; CAT activity was
expressed as pMol of H>O, consumed/min/mg pro-
tein.

Estimation of Superoxide dismutase (SOD)
activity

The activity of superoxide dismutase was assay-
ed by the method of Awasthi [47]. This activity was
expressed as units/min/mg protein.

Estimation of Glutathione peroxidase (GPx)
Activity

GPx activity was measured by the method
described by Rotruck [48]. The activity was expressed
as uMol of GSH consumed/min/mg protein.

Immunohistochemical determination of colon
tissue

The formalin fixed, paraffin embedded tissues
were cut into S5pm thick to mount in the glass slides
and deparaffinized followed by immersion in HyOs.
The sections were incubated with goat serum for
lhour followed by treatment with anti-mouse WNT,
[B-catenin, Bcl2 and Bax antibodies (at a ratio of 1:200)
and incubated at 4°C overnight. The slides were
washed with PBS and treated with biotinylated
secondary antibody streptavidin biotin horseradish
peroxidase complex and incubated for 30 min. The

sections were developed using DAB and were
counterstained with hematoxylin. The labeling index
was calculated as percentage of Wnt, Beta catenin,
Bcl2, Bax positive cells per total number of cells
counted.

Cell proliferating assay

The formalin fixed, paraffin embedded tissue
section were cut into 5pm thick to mount in the glass
slides coated with Poly-L-lysine. Briefly deparaffin-
zed and rehydrated tissues were immersed in H>O»
(3% in methanol) followed by incubation with the
goat serum for 1 hour. After washing the tissue in
PBS, they were incubated with anti-mouse PCNA
antibody at 4°C overnight. The positive control slides
were treated with streptavidin biotin horseradish
peroxidase complex at room temperature for 30 min.
Tissues were developed with DAB (3,3’- diamino-
benzidine) as chromogen and counter stained with
hematoxylin [49].

Apoptotic assay by TUNEL method

The formalin fixed, paraffin embedded and
poly-L-lysine coated tissues were treated with
proteinase K (20 pg/ml in PBS) for 15 mins at room
temperature for the digestion of non-specific proteins
and rinsed with double distilled water. The tissues
were then quenched with HxO, (2% in PBS) for 5 min
at room temperature followed by incubation with
terminal deoxynucleotidyl transferase (TdT) buffer
(30mM Trizma base, pH 7.2, 140 mM sodium
cacodylate, ImM cobalt chloride) followed by TdT
reaction solution containing TdT and dUTP for 90 min
at 37°C, then 2 % standard saline citrate was applied
to the tissues (10 min) for washing at room tempera-
ture to stop the reaction. The tissue sections were
incubated for 30 mins at RT with anti-digoxigenin
peroxidase after washing with PBS. Tissues were
developed with DAB (3, 3’diaminobenzidine) as
chromogen and counter stained with hematoxylin.
Sections were then washed, dehydrated and
mounted. Apoptotic cells were identified by a brown
stain over the nuclei [49].

Determination of labeling and apoptotic index

The labeling index (LI) was calculated as the %
PCNA-positive nuclei /total number of cells counted.
The apoptotic index (Al) was calculated as the %
TUNEL- positive cells/ total number of cells counted.

Statistical Analysis

The result was designated as mean * standard
error mean (SEM).Statistical comparison were carried
out by t-test and one way analysis of variance
(ANOVA) by using Graph pad prism software
followed by post hoc test (Dunnet’s t test), difference
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were considered to be statically significant when
P<0.05.

Results

Instrumental analysis

In the absorption spectrum of baicalein, two
prominent characteristic absorption peaks were
identified at 340 and 223 nm for band I and band II
(Figure 1Aa) respectively. After the addition of
methanolic solution of ruthenium chloride the change
in spectrum can be easily observed as band I shifts to
367 nm (band III) and band II is displaced from 223
nm to 253 (band IV) in Fig 1 B. The spectra observed at
253 nm representing band IV is characteristic for the
formation of the complex. The spectroscopic analysis
of the interaction between baicalein and ruthenium
was carried out using Job’s method of continuous
variation. It was observed that the intensity of the
absorption at 367 nm is a function of both baicalein
and ruthenium. From the graph (Figure 1C), it was
found that at pH 7.4, the ligand chelates with
ruthenium at ratio of 1:2 with a maximum absorbance
at 0.65. The FTIR spectra of the complex and baicalein
were recorded in order to determine the coordination
sites and binding properties of Dbaicalein with
ruthenium which are depicted in the figure 1D and
the data are analysed in the table 2. The shifting of the
band frequencies suggests the interaction of the

ligands and the metal atom. The v (M-O) band
observed at 574.37 cm? in the IR spectra of the
complex confirms the formation of complex which
was not accessible in the IR spectrum of baicalein. The
chemical shift in the TH NMR spectra of both the
complex and the free baicalein has been illustrated in
the table 3. The NMR spectra of the complex reveal
the absence of 5-OH proton, indicating that
ruthenium removes one proton from the flavonoid
baicalein upon complexation. This information
confirms that the chelation took place through the
5-OH and 4-CO groups of the baicalein. (Figure 1F).
Figure 1E depicts the mass spectrum and
fragmentation mechanism of the ruthenium-baicalein
complex. The molecular ion peak with m/z 710.44
due the addition of two baicalein and one ruthenium
and two chlorine molecule is suggestive of the
formation of a new complex. The mechanism of
fragmentation of the complex has been depicted in
figure 1E. Scanning electron microscopy was carried
out at 100X ,500X and 700X [Figure 1(I), (H) and (G)]
magnifications and the complex appeared as small
clumps with asymmetrical surface. The X-ray
diffraction study demonstrates the various typical
anticipation of the complex in which sharp peaks
appeared due to its distinctive crystalline structure at
various diffraction angles [Figure 1J].
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Figure 1. (A) Structure of the flavonoid and the complex (@) Basic structure of the flavonoid baicalein (b) Structure of the ruthenium baicalein complex. (B)
UV-Visible spectra of baicalein and ruthenium- baicalein complex. (C) Plot of absorbance vs mole fraction of baicalein at 367 nm. (Continuous Variation Method). (D)
FTIR spectra of baicalein and ruthenium baicalein complex.(E) Mass spectroscopy of ruthenium baicalein complex showing the molecular ion peaks and the
fragmentation mechanism of the complex. (F) 1H NMR spectra of ruthenium baicalein complex. Scanning electron microscopy (SEM) of the complex at (G) 400X,
(H) 250X and (I) 50X. (J) X-ray diffract grams of ruthenium baicalein complex.
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Table 2. FTIR spectrum of Baicalein and Baicalein Ruthenium
Complex (band position

Compound v (H-O) v(C=0) v (C=C) v (C-OH) v (C-O-C) v (M-O)
Baicalein 341140 165791  1213.08 1024.63 1161.64 ----
Ruthenium- 3434.57 1634.83 124524 1025.29 117420 57437
Baicalein

Table 3. Chemical shift (5, ppm)
-Ruthenium Complex

of Baicalein and Baicalein

6-OH 7-OH 5-OH 8-H 3°4°,5-H
Baicalein 1248 10.77 13.06 6.64 7.59
Ruthenium Baicalein 12.48 1082 - 6.63 7.59

Measurement of anti-oxidant status of
Ruthenium baicalein complex

The DPPH absorption patterns of baicalein,
ruthenium and ruthenium baicalein complex at
various concentrations were measured at 515nm are
illustrated in Figure 2 (A). With an increasing amount
of time the complex showed higher DPPH absorption
than its parent molecules. Figure 2 (A) illustrates that
the RSA (Radical Scavenging Activity) of parent
molecule is about 60.82% and that of the complex is
74.23%. The complex, thus presented better inhibitory
effect in the DPPH absorption patterns compared to
the ligand which can be attributed to the introduction
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of the radical-sensitive Ru-O bond in the complex.
The absorbance of baicalein and ruthenium-
baicalein complex in the presence of Fe*3-TPTZ was
measured at 593 nm by absorbance variation during
10 min of interaction of the subjected compound with
FRAP reagent. The decrease in absorbance is
proportional to the antioxidant content [39]. Figure 2
(C) confirms the increase in the antioxidant potential
of the complex as compared to free baicalein. These
findings propose that baicalein and ruthenium
baicalein complex are capable of donating protons
and could therefore terminate a chain reaction. Thus,
it can be concluded that metal chelation increases the
electron transfer from baicalein and thereby increases
the redox potential of ruthenium-baicalein complex.
Figure 2 (B), demonstrates the ABTS radical
scavenging activity of baicalein and ruthenium-
baicalein complex. Absorption of active ABTS
solution at 734 nm was found to decrease significantly
in presence of different concentrations of the complex.
The ABTS radical scavenging activity of the complex
was found to be more than the free baicalein which
can be attributed to the molecular structure of the
flavonoid. The higher antioxidant activity thus may
be due to the presence hydroxyl groups, and their
hydrogen atoms donating ability that has been
increased following chelation with ruthenium.
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Figure 2. Measurement of anti-oxidant activity of the complex. (A) Anti-oxidant activity of ruthenium baicalein complex by DPPH method. (B) Anti-oxidant activity
of the ruthenium baicalein complex by ABTS method. (C) Anti-oxidant activity of ruthenium baicalein complex by FRAP method. (D) Absorbance spectra of
CT-DNA in the presence of ruthenium baicalein complex. (E) Effect of ruthenium baicalein complex on in-vivo antioxidant enzymes SOD (superoxide dismutase),
CAT (catalase) and (glutathione) GST. * p < 0.05 as compared to the carcinogen control, # p<0.01 as compared to the carcinogen control.
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Figure 3. (A) Effects of ruthenium baicalein complex on HT-29 cell viability. Ruthenium baicalein complex at three different concentrations (5, 15 and 30 pM) were
compared against the control at different time intervals. The complex at 15 and 30 uM exhibited significant difference (**p<0.01 and *p<0.05) against the control. (B)
Detection of apoptosis in HT-29 cells by Flow cytometry. In a double labelled system, the unfixed HT-29 cells, both ruthenium baicalein (5, 15 and 30 uM) treated and
control were stained with Pl and Annexin-V and analysed by flow cytometer. Dual parameter dot plot of Annexin-V (x axis) and PI (y axis) were shown. Quadrants:
lower left (LL) — live cells, lower right (LR) - early apoptotic cells, upper right (UR) - late apoptotic cells, upper left (UL) - necrotic cells. (C) Percentage of apoptotic cells
versus concentration. Three independent experiments were performed, *P < 0.01, significant difference between ruthenium baicalein complex (5, 15 and 30 yM) and
control. (D) Percentage of Annexin-V positive cells. Three independent experiments were performed. *P < 0.01, significant difference between ruthenium baicalein
complex (5, 15 and 30 pM) and control. (E) Analysis of cell cycle phase distribution of HT-29 cells after the treatment with ruthenium baicalein complex (5, 15 and
30 pM) for 48 h by single label flowcytometry. The cells were fixed and DNA was labeled with PI. The histogram data represents the DNA content (x axis) versus cell
number (y axis). Data is representative of three different experiments. (F) Quantitative of distribution of percentage of HT-29 cells in different phases of cell cycle.
(G) Western blot analysis of expressions of p53, caspase-3, Akt, VEGF, and mTOR in HT-29 cells after treatment with ruthenium baicalein complex (5, 15 and 30
uM). Data is representative of three different experiments.

Ruthenium-baicalein complex binds with DNA  In-vitro studies

successfull . . . .
y Ruthenium baicalein complex induces

The addition of the CI-DNA to the complex  jqpipition of cell viability of HT-29 cells
showed a decrease in the absorbance of the baicalein-

ruthenium complex (Figure 2D). The decrease in the
absorption of the resulting solution could be
attributed to the alteration of the structure of DNA
double helix after binding with the complex. The
decrement of 0.05 in the absorption of the complex
with the increasing concentrations of DNA indicated
towards the non-intercalative mode such as outside
binding of the complex with the CT-DNA.

The effect of the ruthenium baicalein complex on
the viability of HT-29 cells is depicted in Figure 3A. A
dose and incubation time dependent inhibitory effect
was noted on the viability of HT-29 cells following
treatment with ruthenium baicalein complex. The cell
viability of the complex at 5 pM, 10 uM and 30uM
after 48 hours was found to be 79.18%, 58.72% and
43.31% respectively as compared to the control
(p<0.01). Thus, it can be concluded that ruthenium
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baicalein complex inhibits the growth of HT-29 cells
and the highest inhibition rate was found to be 56.69%
at 30 pM concentration of the complex at 48 hours.

Ruthenium baicalein complex causes apoptosis
and arrests the cell cycle in HT-29 cells and
effects the expressions of p53, caspase-3, Akt,
mTOR and VEGF

Cells undergoing apoptosis were observed by
staining them with Annexin-V and PI by treating the
HT-29 cells with 5 uM, 10 pM and 30uM of the
complex for 48 hours. Flow cytometry analysis can
distinguish stained cells into four categories, namely
viable (Annexin-V-PI-), early apoptosis (Annexin-V+
PI-), late apoptosis (Annexin-V+PI+) and necrotic
(Annexin-V-PI+) cells. Figure 3B demonstrates the
distribution of cells undergoing treatment with
different concentration (5 pM, 10 pM and 30uM) of the
complex after 48 hours. Figure 3 C shows that the
percentages of apoptotic cell are 14%, 33.8% and
43.4% following treatment with 5 pM, 10 uM and
30uM of the complex as compared to control (p<0.01).
Furthermore, a dose dependent increase in the
populations of late apoptotic cells was also observed
in HT-29 cells treated with 5 uM, 10 uM and 30uM of
the complex after 48 hours (Figure 3 D). Thus, it is
observed that HT-29 cells treated with the complex
showed chromatin condensation and DNA fragment-
ation which signifies that complex can induce
apoptosis in HT-29 cells.

Flow cytometry was also used to investigate the
distribution of cell cycle phases with cellular DNA
content. The apoptotic cells in the cell cycle histogram
are represented by the number of sub-diploid cells
(Figure 3E). The HT-29 cells that were treated with 5
UM of the complex demonstrates 56.7% cells in the
GO0/Glphase, whereas the cells treated with 10 uM
and 30uM of the complex exhibits 52.4% and 43.7% of
cells in the GO/Glphase respectively (Figure 3F).
Thus, it has been observed that the complex arrests
the GO/Glphase of the cell cycle in a dose dependent
manner.

The expression of proteins like p53, caspase-3,
Akt, mTOR and VEGF were studied by Western blot
analysis of HT-29 cells followed by treatment with
different concentrations of ruthenium baicalein
complex for 48 hours (Figure 3 G). A dose dependent
downregulation of Akt, mTOR and VEGF were noted
after treatment with 5 uM, 10 uM and 30uM of the
complex for 48 hours. Subsequently, a distinguished
increase in the expressions of p53 and Caspase-3 were
noted in HT-29 cells treated with 30 pM concentration
of the complex.

Toxicity study

Acute and sub-acute toxicity study

The LDsy dose of ruthenium-baicalein complex
was found to be 400mg/kg. Assessing the LDso doses,
sub-acute toxic doses were selected as 50mg/kg,
100mg/kg, 200 mg/kg and 400mg/kg. No treatment
related mortality was found in animals treated with
50, 100, 200 and 400 mg/kg of the complex in 28 days
sub-acute toxicity study.

Hematological and serum biochemical analysis

The hematological serum biochemical profile of
the control and 50, 100, 200 and 400 mg/kg complex
treated groups is depicted in the tables 4, 5, 6 and 7. At
400 mg/kg of ruthenium-baicalein complex WBC,
RBC levels were significantly increased as compared
to the control group. At the end of 28 days of
sub-acute toxicity study ALT, AST, ALP was
significantly increased at higher dose levels (400
mg/kg, p<0.05) compared to control group. But the
cholesterol and creatinine levels were maintained in
the normal range (p<0.05). Compared to control
group glucose and Blood urea nitrogen were
significantly increased at 400 mg/kg (p<0.05). Thus, it
can be concluded that 400 mg/kg of the complex
induces toxicity in animals to an extent and hence
should not be considered as a safe dose for the
subsequent studies.

Table 4. Haematological findings in male rats treated with ruthenium baicalein complex for 28 days

Parameters Control Ru-B50 mg/kg Ru-B100 mg/kg Ru-B200 mg/kg Ru-B400 mg/kg
Aspartate aminotransferase (AST) ~ 51.23 +7.89 51.87 £9.61 51.92+9.31 55.87 £8.17 109.97 +7.17*
Alanine aminotransferase (ALT) 3721+214 37.52+£2.34 38.99 £2.25 40.17 £0.02 99.92 £10.21*
Alkaline phosphatase (ALP) 78.15+15.12 66.27 £15.12 78.89 £15.48 61.17 +£33.85 101.00 + 56.07*
Total protein (g/dl) 545+0.16 6.72+0.18 6.84 +0.20 6.19+0.14 217 +0.32*
Albumin (g/dl) 4.02+0.16 3.92+0.21 3.85+0.09 3.48+0.22 6.17 £ 0.07*
Globulin (g/dI) 4.08 £0.16 4.02£0.15 3.92 +£0.03 3.78+0.23 4.07£0.13
Total bilirubin (mg/ dl) 0.47 +0.06 0.42 +0.08 0.59+£0.12 0.49 +0.09 2.12+0.03*
Blood urea nitrogen (mg/ dl) 15.27 £2.98 17.06 +2.87 15.88 £2.37 15.87 £2.96 28.89 £1.16*
Creatinine (mg/dl) 0.59 +0.09 0.63+0.13 0.60 +0.09 0.62+0.22 1.59 +0.19*

Standard error mean = standard deviation (SD)/\Total subject. Results were analysed by t test and one-way ANOVA and confirmed by Dunett's multiple comparison tests.
MCV- mean corpuscle value, MCH- mean corpuscle haemoglobin, MCHC- mean corpuscle haemoglobin concentration, RBC- red blood cell, WBC- white blood cell. * p<0.05

significant difference when compared to the control group.
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Table 5. Haematological findings in female rats treated with ruthenium baicalein complex for 28 days

Parameters Control Ru-B50 mg/kg Ru-B100 mg/kg Ru-B200 mg/kg Ru-B400 mg/kg
Haemoglobin (Gm%) 11.92 +0.06 11.98 +0.079 12.27 £0.05 12.42 +0.06 12.58 +£0.01
Total RBC count (x106 / pl) 4.43+0.011 4.47 +£0.012 443 +0.018 4.27 £0.04 4.38 £0.011
WBC count (x103 / pl) 4.98+0.38 5.22+0.19 5.34+0.13 541+0.11 13.21 +0.06*
Platelet count (x105 / pl) 6.08 £0.48 6.01+£0.24 6.88£0.27 6.13 £0.39 6.15+0.19
MCV (fL) 90.12+1.08 91.06 +1.13 91.22+1.42 91.57 +1.16 90.97 +1.13
MCH (pg) 29.17 £0.09 29.31+0.10 28.31+0.16 27.93 +0.09 29.02 +0.04
MCHC (%) 31.71+0.41 31.93 +0.62 31.27+0.18 32.92+0.29 31.94+0.23
Neutrophil (%) 51.62+0.11 56.35 +0.06 4711+0.15 46.32 £0.32 53.06 +0.11
Eosinophil (%) 216+0.17 2.25+0.24 3.09+£0.25 254+0.12 221+0.15
Basophil (%) 0.00 +0.00 0.00 +0.00 0.00 +0.00 0.00 £0.00 0.00 £0.00
Lymphocyte (%) 3419+1.14 34.08 +2.06 29.27 +1.11 30.05 +1.06 3416 +1.58
Monocyte (%) 3.78 +0.74 3.61 +0.65 3.62 +0.59 3.61 +047 2.84+0.83

Standard error mean = standard deviation (SD)/\Total subject. Results were analysed by t test and one-way ANOVA and confirmed by Dunett's multiple comparison tests.
MCV- mean corpuscle value, MCH- mean corpuscle haemoglobin, MCHC- mean corpuscle haemoglobin concentration, RBC- red blood cell, WBC- white blood cell. * p<0.05
significant difference when compared to the control group.

Table 6. Serum biochemical findings in male rats treated with ruthenium baicalein complex for 28 days

Parameters Control Ru-B50 mg/kg Ru-B100 mg/kg Ru-B200 mg/kg Ru-B400 mg/kg
Aspartate aminotransferase (AST)  51.27 +8.18 53.11 £ 9.89 51.34 £9.11 57.02 +£9.06 112.12 +8.19*
Alanine aminotransferase (ALT) 38.45 +2.65 37.96 +2.28 37.52+215 39.94 +£0.01 101.02 +11.22*
Alkaline phosphatase (ALP) 76.68 +15.25 67.52+16.21 78.52 +15.02 62.56 + 35.15 103.00 + 53.11*
Total protein (g/dl) 6.22+0.12 6.02+0.21 6.66 +0.15 6.14+£0.10 2.23 +0.26*
Albumin (g/dl) 3.88+0.12 3.72+0.14 3.51+0.09 3.42+0.32 6.02 +0.04*
Globulin (g/dlI) 3.96 +0.15 3.82+0.15 3.41 +0.01 3.30£0.19 3.88 £0.09
Total bilirubin (mg/dl) 0.45+0.09 042+0.11 0.68 £0.07 0.56 +0.08 2.02 +0.06*
Blood urea nitrogen (mg/dl) 15.98 £2.98 17.12 £3.09 16.11 £3.12 16.52 +2.88 30.17 £1.28*
Creatinine (mg/dl) 0.59+0.12 0.65+0.17 0.62 +0.09 0.67 +0.11 1.88 +0.18*

Standard error mean = standard deviation (SD)/Total subject. Results were analysed by t test and one way ANOVA and confirmed by Dunett’s multiple comparison tests. *
P<0.05 significant difference when compared to the control group.

Table 7. Serum biochemical findings in female rats treated with ruthenium baicalein complex for 28 days

Parameters Control Ru-B50 mg/kg Ru-B100 mg/kg Ru-B200 mg/kg Ru-B400 mg/kg
Aspartate aminotransferase (AST)  48.62 +9.84 58.12 £9.88 44.24 +£13.15 48.53 +13.56 104.36 + 24.45*
Alanine aminotransferase (ALT) 38.56 + 4.54 37.45 +3.58 40.46 £1.94 4218 £4.96 97.92 + 6.42*
Alkaline phosphatase (ALP) 68.51 +24.59 74.63 £16.24 85.62 +9.31 90.53 £1.92 148.64 + 41.58*
Total protein (g/dl) 6.57 +0.14 6.15+0.18 6.75+0.14 6.45+0.11 3.74 +0.75*
Albumin (g/dl) 4.04£0.18 3.84+0.12 3.48+0.15 3.99+£0.01 5.95 + 0.44*
Globulin (g/dI) 2.85+0.18 2.75+0.35 2.46%0.25 248 £048 2.59+0.14
Total bilirubin (mg/ dl) 0.24 +0.04 0.28 +0.04 0.35+0.01 0.38+0.1 1.64 +0.14*
Blood urea nitrogen (mg/dl) 1523 £2.15 14.54 £2.16 14.58 £2.15 15.45+2.14 27.34 +1.47*
Creatinine (mg/dl) 0.65+0.10 0.64 +0.02 0.65 + 0.04 0.67 +0.05 2.01 +0.14*

Standard error mean = standard deviation (SD)/\Total subject. Results were analysed by t test and one way ANOVA and confirmed by Dunett’s multiple comparison tests. *
P<0.05 significant difference when compared to the control group.

Histopathology

Histopathological study showed the major
morphological changes in the highest dose (400
mg/kg) group of mice and minor changes were
observed at 200mg/kg body weight of ruthenium
baicalein complex. Histopathological examination of
the kidney is depicted in Figure 4a. The treated
groups of rats showed some histopathological
alterations in kidney. The animals treated with doses
50 and 100 mg/kg (Figure 4a. D and E) did not show
any major abnormalities compared to the control
group, whereas slight thickening of the bowman’s
capsular membrane have been observed in the
animals treated with dose of 200mg/kg (Figure 4a. C).
At 400 mg/kg pyknotic nucleus (pn), vacuolization

(v), thickening of the capsular membrane (tm),
cytoplasmic debris (cd) and nodular sclerosis (n) were
observed (Figure 4a.B). In a histopathological study of
liver (Figure 4b), mice in the control group showed
normal hepatic architecture (Figure 4b. A). Higher
dose level (400 mg/kg) of ruthenium baicalein
complex showed periportal mononuclear infiltrates
(pmi), degeneration of hepatocytes (dh) and
degeneration of vein (v) (Figure 4b. B), whereas at
lower dose levels 200 mg/kg focal inflammation (fi)
was observed (Figure 4b.C). Rest of the groups
depicted normal architecture (Figure 4b. D and E).
Figure 4c demonstrates the microscopic evaluation of
stomach tissue (Figure 4c. A). At 400 and 200mg/kg
dose of ruthenium-baicalein complex congestion (c),
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haemorrhages (h) and hyperplasia at gastric
glandular area (hyp) were observed (Figure 4c. B and
C). But at lower doses of 50 mg/kg, 100 mg/kg
(Figure 4c. D and E) no histopathological alterations
were observed. Figure 4d demonstrates the
microscopic evaluation of testis where the control
group of animals (Figure 4d.A) showed the normal
physiological architecture of testis. However, at 400
mg/ kg dose (Figure 4d.B) testis showed degeneration
in the seminiferous tubules (d), edema in the
interstitial tissues (it) and hyperplasia (hyp) was
noted in the groups treated with 200 mg/kg (Figure
4d.C) of the complex. No structural abnormalities
were found in animals treated with50 and 100 mg/kg
of the complex (Figure 4d. D and E). Similar
observations are noted in the structural architecture of
the animals denoting that 400 mg/kg dose should not
be considered as a safe dose in the carcinogenicity
study.

In vivo carcinogenesis study

Ruthenium baicalein complex induces ACF in
rats

The animals from the normal control group did
not show the presence of any ACF’s but the animals
treated with DMH and DSS displayed the presence of
ACFs, that are identified as lesions in the colonic
mucosal layer by their dark stain, elliptical shape,
thick epithelial lining and perycriptal zone. The
numbers of ACF were considerably lower in the in the
complex treated groups than the DMH and DSS
treated groups. A significant reduction in the ACF
multiplicity was noticed in the 50 mg/kg and 100
mg/kg complex treated groups as compared to the
carcinogen control (p< 0.05), but the most significant
decrease was noted in the groups treated with 200
mg/kg of the complex (p<0.01) [Figure 5(i)] (Table 8).
A decrease of ACF multiplicity is noted in the animals
after the complex treatment signifying that the
ruthenium baicalein complex is capable of reversing
the earliest signs of colorectal cancer.

Histological analysis

The histopathological examination of the colon
tissues at the end of 20 weeks showed the formation of
non-invasive carcinoma with lesions limited to
mucosal layers of DMH and DSS treated animals
(Figure 5 (ii) B). Luminal openings of the ACF are
slightly elevated than the normal mucosa. The
proliferating mucosal glands with ACF had slightly
stratified nuclei with lack of goblet cells and depleted
mucin. On the other hand, the animals treated with
ruthenium baicalein complex demonstrated much

lower incidences of carcinoma formation with a lower
prevalence of hyperplasia as compared to the DMH
and DSS treated animals (Figure 5 (ii) C-E). Animals
treated with ruthenium and rifampicin 100 mg/kg
(Figure 5(ii) F and G) showed marked hyperplasia
along with depletion of goblet cells and rupture of the
mucosal lining. The decreasing incidences of
carcinoma formation following complex treatment
lead us to believe that the complex is effective against
colorectal cancer.

Ruthenium baicalein complex effects cellular
antioxidant activity

A decrease in SOD, CAT and reduced gluta-
thione levels were found in the DMH + DSS treated
rat colonic tissue [Figure 6 (iii)]. The animals treated
with 200 mg/kg of the complex showed notable
elevation of the SOD, CAT and glutathione levels in
the colon tissues as compared to the carcinogen
control as well as other treatment groups (p<0.01).
Reduced SOD, CAT and Glutathion levels provide us
proof that the complex can also induce apoptosis
through the reactive oxygen mediated pathway.

Ruthenium baicalein complex effects the
expressions of Bax, Bcl2, WNT and 3-catenin
in rats

The influence of the ruthenium baicalein
complex treatment on the immunolocalization of
proteins like Bax, Bcl2, WNT and p-catenin were
observed by the immunohistochemical assay of each
individual proteins (figure 5 iii, iv, v and vi) (Table 9).
It was noted that the administration of DMH and DSS
significantly reduced the expression of the Bax (Figure
5 (iii) B) whereas an upregulation in the expression of
Bcl2 (Figure 5(iv) B), WNT (Figure (5v) B) and
B-catenin (Figure 5(vi) B) proteins were detected, as
compared to the normal control rats (p<0.05). DMH
and DSS treated animals supplemented with
ruthenium baicalein complex considerably amplified
the expression of Bax (Figure 5(iii) C-E), whereas
expressions of Bcl2, WNT and p-catenin were
significantly decreased (Figure 5 (iv) C-E, Figure 5 (v)
C-E and Figure 5 (vi) C-E) as compared to the
carcinogen control (p<0.05). The highest dose of
ruthenium baicalein complex at 200 mg/kg body
weight was vastly effective in increasing the
expression of Bax and simultaneously decreasing the
levels of Bcl2, WNT and B-catenin proteins (p<0.01) as
compared to the carcinogen control. The expressions
of the above protein markers lead us to observe that
the complex induces apoptosis through the intrinsic
pathway and also arrests cell cycle to effectively curb
the progression of the disease.
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Figure 4. (a) Histopathological representation of Kidney of Sprague Dawley Rat. (A) Normal histopathological appearance of kidney tissue showing Bowman’s
capsule (bc), Macula densa (md), Proximal convoluted tubule (pct), Distal convoluted tubule (dct) of control Swiss Albino Mice (H&E) 10X and 40X. (B) Histological
appearance of kidney tissue of ruthenium-baicalein complex (400 mg/kg) treated rat showing thickening of capsular membrane (tbm), ruptures (r), desquamated nuclei
(dn), vacuolization (v), (H&E) 10X and 40 X. (C)Thickening of capsular membrane was observed at 200 mg/kg dose level of ruthenium-baicalein complex, (H&E) 10X
and 40X. (D)Histological appearance of kidney of ruthenium-baicalein complex (100 mg/kg) Swiss Albino Mice (H&E) 10X and 40X. (E) Histological appearance of
kidney of ruthenium-baicalein complex (50 mg/kg) Swiss Albino Mice(H&E) 10X and 40X. (b) Histopathological representation of Swiss Albino Mice’s liver. (A)
Normal histological architecture of liver of control group showing the Central vein (cv), Bile duct (bd), Sinusoidal dilation (sd), Kupffer cell (kc), Lymph vessel (Iv) of
control Swiss Albino Mice(H&E) 10X and 40X. (B) & (C) Histological appearance of liver of ruthenium-baicalein complex (400 mg/kg and 200 mg/kg) treated rats
showing periportal mononuclear infiltrates (pmi), degeneration of hepatocytes (dh), focal inflammation (fi) (H&E) 10X and 40X. (D) Histological appearance of liver
of ruthenium-baicalein complex (100 mg/kg) treated mice (H&E) 10X and 40X. (E) Histological appearance of liver of ruthenium-baicalein complex (50 mg/kg) treated
mice (H&E) 10X and 40X. (c) Representative histopathological picture of Swiss Albino Mice stomach. (A) Normal pathological architecture of stomach of control
group showing Muscularis externa (me), Submucosa (sm), Muscularis mucosa (mm), Lamina propia (Ip), Gastric pit (gp), epithelial lining (epl) of control Swiss Albino
Mice (H&E) 10X and 40X.(B) & (C) Histological appearance of stomach of ruthenium-baicalein complex (400 mg/kg and 200 mg/kg) treated mice showing
Hemorrhages (h) between villus, Hyperplasia (hyp), leukocyte infiltration (Li) (H&E) 10X and 40X. (D) Histological appearance of stomach of ruthenium-baicalein
complex (100 mg/kg) treated mice (H&E) 10X and 40X. (E) Histological appearance of stomach of ruthenium-baicalein complex (50 mg/kg) treated mice (H&E) 10X
and 40X. (d) Representative histopathological picture of Swiss albino Mice testis. (A) Normal physiological architecture of testis of control Swiss albino Mice showing
Sertoli cell (sc),Spermatogonia (Sp), Seminiferous tubule (St), Interstitial tissues (It) is seen within the tubular lumen. (H&E) 4X and 10X.(B) Histopathological
appearance of testis of ruthenium-baicalein complex (400 mg/kg) treated rat showing Edema in interstitial tissue (E), Degeneration of seminiferous tubule (D). (H&E)
4X and 10X.(C) Histopathological appearance of testis of ruthenium-baicalein complex (200 mg/kg) treated mice showing the degeneration of seminiferous tubules
(D) and hyperplasia (Hyp). (H&E) 4X and 10X.(D) Histological appearance of testis of ruthenium-baicalein complex (100 mg/kg) Swiss albino Mice (H&E) 4X and
10X.(E) Histological appearance of testis of ruthenium-baicalein complex (50 mg/kg) Swiss albino Mice (H&E) 4X and 10X.

Table 8. ACF counting

Groups No. of crypts/ACF Total number of ACF
Crypt1 Crypt 2 Crypt 3 Crypt 4 Crypt 5

Control 0.0+0.0 0.0£0.0 0.0£0.0 0.0+0.0 0.0£0.0 0.0£0.0

DMH + DSS 25+7.12 32+6.53 44 £8.37 38+£2.2 35+£7.32 174 +£31.54

DMH + DSS + Ru-B 50 mg/ kg 10+03 14£52 18+£5.7 12+41 10£25 64 +177.8"

DMH + DSS + Ru-B 100 mg/kg 6+11 12+2.01 14+3.7 1017 8+09 50+9.41*

DMH + DSS + Ru-B 200 mg/kg 10£0.6 9+16 10+23 7+05 4+19 40+6.9™

DMH + DSS + 100 mg/ kg Baicalein 22+1.3 31+£2.05 29+0.6 26+3.1 19+2.8 127+9.85

DMH + DSS + 100 mg/ kg Ruthenium 24+0.5 21+29 20£1.9 17+15 16+ 0.8 98 +7.6*

All the data are expressed as mean + S.E. n = 6. Results were analysed by t test and one-way ANOVA and confirmed by Dunett’s multiple comparison tests. * p<0.05,
Significant difference between ruthenium 100 mg/kg and DMH and DSS control group, ** p<0.05. Significant difference between Ru-B 50 mg/kg and Ru-B 100 mg/kg and
DMH and DSS control group, ***p<0.01, Significant difference between Ru-B 200 mg/kg and DMH and DSS control group.

Ruthenium Baicalein complex causes baicalein complex on the proliferation of cells in the
suppression of PCNA colon tissues. The PCNA labeled cells can be easily

Figure 6 (i) denotes the effect of the ruthenium identified with their distinct nuclear localization with
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a chromogen generating a brown stain thus making
them quantifiable. Table 10 presents the percentage of
PCNA labeled cells calculated as LI (labeling index).
The PCNA-LI values markedly increased in the DMH
and DSS treated rat colonic tissues (Figure 6(i) B)
whereas a statistically significant decrease in the
PCNA-LI values were noted in 200 mg/kg ruthenium
baicalein complex treated groups (p<0.01) (Figure 6 (i)

E). Ruthenium at 100 mg/kg treated groups also
demonstrated a decrease in the PCNA-LI values along
with 100 mg/kg ruthenium baicalein complex treated
groups (p<0.05) while the rest of the treated group
showed no significant change in the expression of
PCNA as compared to the carcinogen control group.
Thus, ruthenium baicalein complex induces apoptosis
in a dose dependant manner.

Figure 5. (i) Effect of ruthenium-baicalein complex on ACF. Topographical view of colon mucosa after staining the tissue with methylene blue. ACF were observed
and distinguished from the surrounding normal crypts by their increased size, distance from the lamina to basal cell surfaces and pericryptalzone at 10x magnification.
(A) colon mucosa of normal control group; (B) the DMH and DSS control group; (C) 200 mg/kg of ruthenium-baicalein complex treated group; (D and E) are the
colon mucosa of animals treated with 100 and 50 mg/kg of ruthenium-baicalein complex, respectively; (F) ruthenium 100 mg/kg treated group and (G) baicalein
100mg/kg treated group. The white arrows show the crypts. (ii) Histological study of colon mucosa of rats at 10X magnification [inset 40X].(A). normal histological
appearance of normal control rat (H&E) showing the mucosal layer (M), muscularis mucosa (Mm), submucosal layer (Sm), lamina propia (Lp), crypt (C), columnar
absorptive cells (Cac) 40X showing goblet cell (Gc), absorption cell (Ac). (B) histological appearance of DMH+DSS induced rat colon (H&E) showing hyperplasia of
mucosa (Hyp), depletion of mucin (M), sloughing of epithelial cells (Se), dysplasia (Dys), (C) histological appearance of DMH+DSS+200mg/kg ruthenium-baicalein
(H&E) showing almost normal appearance of rat colon, (D) and (E) histological appearance of DMH+DSS+100mg/kg Ru-RIF and DMH+DSS+50mg/kg Ru-RIF
showing dilation of column (Dic), arrowhead showing discontinuation of absorption cells, curled arrow showing loss of goblet cells, (F) and (G) histological
appearance of DMH+DSS+100mg/kg Ruthenium and DMH+DSS+100mg/kg baicalein (H&E) showing occasional rupture (R), hyperplasia (Hyp), depletion of goblet
cells (D). (iii) The immunohistochemical analysis of the Bax expression in the colon tissues of different groups of rats at 40X magnification. (A) the normal control
group showing standard expression of Bax; (B) the DMH and DSS treated group showing no significant expression of Bax protein; (C) the ruthenium-baicalein
complex treated with 200 mg/kg of complex showing significant expression of Bax; (D) and (E) are the ruthenium-baicalein of doses 100 and 50 mg/kg showing mild
to moderate expression of Bax compared to the ruthenium-baicalein complex 200 mg/kg treated animals. (F) and (G) are the ruthenium and baicalein treated groups
with weak expression of Bax. (vi) The immunohistochemical analysis of Bcl2 expression of different group of rats at 40X magnification. (A) The normal control group
standard expression of Bcl2; (B) the DMH and DSS treated group showing strong expression of Bcl2 protein; (C) the ruthenium-baicalein complex treated with 200
mg/kg of complex showing weak expression of Bcl2; (D) and (E) are the ruthenium-baicalein complex of doses 100 and 50 mg/kg treated groups showing mild
expression of Bcl2, respectively; (F) the ruthenium and (G) the ruthenium-baicalein treated group showing moderate expression of Bcl2. (v) The
immunohistochemical analysis of WNT expression of different group of rats at 40X magnification. (A) The normal control group standard expression of WNT; (B)
the DMH and DSS treated group showing strong expression of WNT protein; (C) the ruthenium-baicalein complex treated with 200 mg/kg of complex showing weak
expression of WNT; (D) and (E) are the ruthenium-baicalein complex of doses 100 and 50 mg/kg treated groups showing mild expression of WNT, respectively; (F)
the ruthenium and (G) the ruthenium-baicalein treated group showing moderate expression of WNT. (vi) The immunohistochemical analysis of 3-catenin expression
of different group of rats at 40X magnification. (A) The normal control group standard expression of 3-catenin; (B) the DMH and DSS treated group showing strong
expression of B-catenin protein; (C) the ruthenium-baicalein complex treated with 200 mg/kg of complex showing weak expression of B-catenin; (D) and (E) are the
ruthenium-baicalein complex of doses 100 and 50 mg/kg treated groups showing mild to moderate expression of B-catenin, respectively; (F) the ruthenium and (G)
the ruthenium-baicalein treated group showing modest expression of 3-catenin.
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Figure 6. (i) The immunohistochemical analysis of expression of PCNA of different group of rats at 40X magnification. (A) the normal control group showing normal
PCNA expression; (B) the DMH and DSS treated group showing strong expression of PCNA; (C) the ruthenium baicalein complex treated with 200 mg/kg of
complex showing significant reduction in PCNA expression; (D) and (E) are the ruthenium baicalein of doses 100 and 50 mg/kg treated groups showing mild PCNA
expression, respectively; (F) the ruthenium; and (G) the baicalein treated groups showing moderate PCNA expression. Approximately, 200 cells were counted per
field, 10 fields were examined per slide. Ten slides were examined per group. (ii) The immunohistochemistry of TUNEL apoptotic cells at 40Xmagnification. (a) The
normal control group showing normal apoptosis; (b) the DMH and DSS treated group showing weak apoptosis; (c)the ruthenium baicalein complex treated with 200

mg/kg of complex showing significant increase in apoptosis; (d) and (e) are the ruthenium baicalein of doses 100 and 50 mg/kg treated groups showing moderate
apoptosis, respectively; (f) the ruthenium; and (g) the baicalein treated groups showing weak apoptosis. Approximately 700 cells were counted per field, 10 fields were

examined per slide and 10 slides were examined per group.

Ruthenium Baicalein complex induces
apoptosis

Figure 6(ii) denotes the effect of the ruthenium
baicalein complex on apoptosis in the colonic tissue.
The presence of brown stains, generated by DAB
chromogen, coinciding with the condensed chromatin
of apoptotic bodies denotes the TUNEL positive
apoptotic cells. The control group animals exhibited a
moderate level of apoptosis, whereas the incidence of
apoptosis was theatrically lowered in the DMH and
DSS treated colon tissues (Figure 6 (ii) B). In a field of
about 700 cells, 2 to 4 apoptotic cells were found on an
average in the DMH and DSS control group, whereas
in the animals supplemented with ruthenium
baicalein complex treatment apoptotic cells were
found to increase profoundly (Figure 6(ii) C-E). An
increase of upto 12-15 cells per 700 cells were noted in
the 200 mg/kg of the complex treated groups. The
apoptotic index represented by Al is considered in the
Table 10. A significant increase (p<0.01) in the
percentage of apoptotic cells was noted in animals

treated with 200 mg/kg of the complex as compared
to the carcinogen control group. The ratio of cellular
proliferation to apoptosis is represented by R value.
The observation from both TUNNEL and cell
proliferation assay indicate that the early changes in
the tumor microenvironment are accompanied by a
parallel increase in cellular proliferation and
reduction of apoptotic events. DMH and DSS treated
group showed the highest value of R however the R
value decreases comprehensively with the increase in
ruthenium baicalein complex dose concentration.
Taking together all these observations we can
conclude that the complex induces apoptosis and
correspondingly declines cellular proliferation in a
dose dependent manner.

Discussion

Approximately, more than 50% of the
populations are clinically prescribed platinum based
compounds as anticancer chemotherapy [50]. In spite
of the ubiquitous presence of platinum therapies in
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cancer treatments, countless drawbacks demand our
exclusive attention. Besides, cancer cells can also gain
resistance to such treatment over a period of time by
the accumulation of mutations and epimutations [51].
Additionally, platinum agents are accompanied with
various side-effects extending from minor to
dose-limiting in toxicity [52]. The pioneers of the
platinum based anticancer chemotherapy against
colorectal cancers are Cisplatin and Oxaliplatin but
the cure rate of colorectal cancer by such orthodox
platinum drugs is virtually zero since such comp-
ounds impose vast side-effects owing to the increase
in reactive oxygen species [53]. Furthermore, an
increase in the repair mechanisms of platinum-DNA
adducts inflicts the most widespread resistance to
therapy. In order to circumvent these challenges,
alternative and effective treatment strategies in
colorectal cancers are the need of the hour.

An interesting alternative to metal based therapy
in CRC are the bioflavonoids which are a class of
polyphenols found in plant-based foods. Bioflavo-
noids have extensive anticarcinogenic properties
attributed to their ability to induce differentiation and
apoptosis, inhibition of metabolic carcinogen
activation, cellular proliferation, tumor cell adhesion
and angiogenesis [54]. Additionally, these molecules
can chelate with a variety of metal ions to form
complexes and these complexes possess greater
radical scavenging properties as compared to the free
flavonoids besides playing an important role in
protection against oxidative stresses [55]. In the
current study, we prospectively investigated the
effects of the ruthenium baicalein complex on colon
cancer using in vitro and in vivo models.

As a part of our investigation, we have
synthesized, characterized and applied spectroscopic
techniques to determine the antioxidant potential of
the baicalein before and after complexation. The
stoichiometric composition of the complex was
confirmed by Job’s method and the spectral data
confirmed 5-hydroxy and 4-oxo site is the main
domain to complex with the metal ruthenium in 1:2
molar ratios and the complex thus formed is
crystalline in nature. The results obtained from the
antioxidant study exhibited that the free radical
scavenging activity of baicalein is significantly
increased following metal complexation. Thus,
ruthenium helps to alter the oxidative potential of
baicalein after complexation by influencing its lower
oxidation potential as compared to free baicalein. The
interaction of the complex with CT-DNA resulted in a
decrease in the UV-absorption spectra of free DNA,
indicating towards the intercalation of the complex
with CT-DNA.

In the next segment of our study, we endeavored

to discover the effects of ruthenium baicalein complex
on HT-29 human colon carcinoma cell line. Cell
viability assay and oligonucleosomal fragmentation
by DAPI staining designated that ruthenium baicalein
complex can reduce cell proliferation and induce
apoptosis. One of the most important targets for
anticancer drugs is the regulation of cell cycle,
especially; the arrest of G1 and G2 phases of cell cycle
plays a pivotal role in the progression of the cell cycle
[56]. To understand the mode of apoptosis induced
by ruthenium baicalein complex the hypoploidy of
cells were analyzed by flow cytometry using
Annexin-V and PI staining. The double staining by
Annexin-V and PI reveal that a higher percentage of
early apoptosis is induced by ruthenium baicalein in
the HT-29 cells (Figure 3B) by arresting the cells in
GO0/G1 phase (Figure 3E) which accordingly lead to
apoptosis.

Table 9. Effect of ruthenium (Ru), baicalein (B) and ruthenium
baicalein complex (Ru-B) on the expression of Bax, Bcl2, WNT
and [-catenin in colon tissues.

Groups Baxs Bcl2s WNTS p-catenin$
Control 84+08 73+02 92+04 85%07
DMH+DSS 42+04 226+13 253+06 20.0+04
Ru-B 50 mg/kg 58+0.5" 191+09" 225+02 171+0.6
Ru-B 100 mg/kg 77+0.2" 13.6+02" 11.3+0.7* 103+0.1"
Ru-B 200 mg/kg 103+1.7° 9506 85+01" 8807
Baicalein 100mg/kg  6.5+0.8 124+09" 13.0+0.6" 12.7+04"
Ruthenium 100mg/kg 5.8 0.7 108+08  95+02° 105+0.6

§Each score represents the results of 6 slides per rat and 6 rats per group, mean *
S.E. (n=6). Each field were selected randomly for evaluation of percentage of
immune-positive cells. * Significant difference between treated and carcinogen
control (p<0.01). ** Significance difference between treated and carcinogen control
(p<0.05).

Table 10. Cell proliferation and apoptosis in colon

Groups PCNA-LI§ Al (%) R=PCNA-LI/AI
Normal control 17.5+0.6 0.15+0.02 116.66 + 0.5
DMH+DSS 381+1.3 0.08 £ 0.02 476.25+0.2
Ru-B 50 mg/kg 309+0.8 0.09 £ 0.01 309.00 £ 0.7
Ru-B 100 mg/kg 25.6 £0.9" 0.12 £0.02## 213.33 £ 0.758
Ru-B 200 mg/kg 18.2+ 0.8 0.15 £ 0.04# 121.33 £0.3%
Baicalein 100mg/kg 27.1+0.02 0.10 £ 0.05 271.00 £0.2
Ruthenium 100mg/kg  20.2 +0.18" 0.13 £ 0.02## 155.38 + 0.4%%

LI= Labelling index, PCNA-LI= percentage of PCNA labelled cells/ total number of
cells counted, Al= Apoptotic index. R = PCNA-LI/ Al Al was calculated as the
percentage of TUNEL positive cells/total number of cells counted. Values
represents mean * S.E. § Total number of six slides were evaluated per rat. Each
field consisted 700 cells. * Significant difference between PCNA-LI of Ru-B 200
mg/kg vs carcinogen control animals (p<0.01). ** Significant difference between
PCNA-LI of Ru 100 mg/kg, Ru-B 100 mg/kg vs carcinogen control animals
(p<0.05). #Significant difference between Al of Ru-B 200 mg/kg vs carcinogen
control (p<0.01). #* Significant difference between Al of Ru 100 mg/kg, Ru-B 100
mg/kg vs carcinogen control animals (p<0.05). $ Significant difference between R of
Ru-B 200 mg/kg vs carcinogen control animals (p<0.01). $ Significant difference
between R of Ru 100 mg/kg, Ru-B 100 mg/kg vs carcinogen control animals
(p<0.05)

According to the global harmonized system of
classification and labeling of chemicals, it is
mandatory to report the safe dose of a new anticancer
agent [57]. Therefore, acute and sub-acute toxicity
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study was conducted to evaluate the LDsp value of the
complex along with its safe doses and treatment
related mortality. Typical alterations were observed in
serum and hematological parameters during the
sub-acute toxicity study. Slight alterations were also
observed in the architectural structure of kidney,
stomach, and testis at a dose of 400 mg/kg of the
complex.

To offer a deeper insight into the mechanism of
action of the complex on a cellular level, a cell-based
reporter assay was conducted to analyze the effect of
the ruthenium baicalein complex on the activity of
p53, VEGF, mTOR, Akt, and caspase-3 signaling
pathways. One of the most commonly mutated genes
in human cancers is the p53 [58].Studies reveals that
mutations of the p53 gene play a crucial role in the
transition of tumor pathological process during the
formation of adenoma-carcinoma [59]. Cellular p53
levels modulate the expressions of PTEN, which is a
negative regulator of the PI3 kinase pathway that
deciphers signals from tyrosine kinase receptors to
modify the cellular environment. Once PI3 is
activated by PTEN it assists the phosphorylation of
Akt and activates mTOR pathways which together,
play a crucial role in tumor progression [60]. It is
further noted that mTOR activates cyclins that
regulate the activity of enzymes required for the
passage of cells through G1-S phases of the cell cycle
[61]. Besides this, mTOR also translates an increase of
angiogenic factor like VEGF thus indirectly
contributing towards the tumor growth in breast,
cervical, ovarian, and gastrointestinal cancers [61].
Furthermore, p53 is capable of activating the caspase
cascade via the intrinsic apoptotic pathway.
Following p53 activation caspase-3, also known as the
executioner caspase, degrade various cellular proteins
in order to bring about the morphological changes
necessary for apoptosis [62].

Our current study demonstrates that ruthenium
baicalein complex modulates through a novel
mechanism by upregulation of p53 and Caspase-3 and
downregulation of Akt, mTOR, and VEGF
expressions. Thus, apoptosis is potentiated via the
intrinsic pathway consequently by activating the
caspase cascade in the cancer cells. Besides, the
decrease of Akt, mTOR, and VEGF expression
demonstrate that the complex is capable of preventing
angiogenesis and promoting cell cycle arrest by
restraining the GO/G1 phase in the cell cycle. Taken
together these observations lead us to believe that the
complex has a profound effect on the intrinsic
apoptotic pathway of the tumor cells leading to the
interruption of cellular proliferation. Our results have
thus agreed with the previous reports and provide
ample evidence that ruthenium baicalein complex

follows a p53 dependent apoptosis in colon cancer
cells.

Apoptosis proceeds in two different pathways
namely extrinsic and intrinsic pathways that are
regulated by several factors. The intrinsic pathway
that takes place around mitochondria and one of the
key proteins of this pathway is Bcl2, which competes
with Bax resulting in the alteration of mitochondrial
membrane potential and permeability leading to the
release of regulatory proteins that can activate the
cellular caspase cascade [63]. BCL-2 is an integral,
membrane-associated protein with antiapoptotic and
anti-oxidative effects where it plays a pivotal role in
promoting cell survival and inhibiting the actions of
pro-apoptotic proteins like Bax. Cancer is the result of
over-expression of anti-apoptotic genes, and under-
expression of pro-apoptotic genes. Over-expression of
such anti-apoptotic proteins help in determining
mitochondrial integrity and releases effector proteins
that cease apoptosis resulting in cellular proliferation
[64]. However, it is noted that at the same time the
expression of pro-apoptotic proteins like Bax is
significantly reduced by oncogenic kinases [65].We
observed from our in-vivo study that the ruthenium
baicalein complex treatment significantly decreased
the Bcl2 expression whereas the expression of Bax
were found to significantly increase in the colon
tissues (Figure 5 iii and vi).

Another family of cell signaling molecules called
the Wnt and its associated proteins plays an
important role in the regulation of cell adhesion. In
fact, misregulation of the Wnt pathway has a
significant role in many human pathologies including
cancer [66]. The Canonical Wnt pathway is known to
be intricately involved in the development of benign
and malignant tumors. The activation of the Wnt
pathway is revealed by the presence of B-catenin in
the nucleus or cytoplasm that can be identified by
immuno-histochemical staining or Western blots [67].
An increase in P-catenin levels correlates with poor
prognosis of cancer. We observed that the ruthenium
baicalein complex treatment significantly decreased
both Wnt and (-catenin levels in the colon tissue
(Figure 5 v and iv), thus signifying that the ruthenium
baicalein complex has an influence on the Canonical
Wnt signalling pathway.

Initiation of apoptosis by p53 activation also
transpires by stimulating changes in the genes that
modifies the redox mechanism of the cells, regulated
by the mitochondrial function, to enhance the ROS
mediated apoptotic pathway [60]. It is observed that
ruthenium baicalein complex treatment, causes an
elevation the levels of SOD, CAT, and GSH in the
colon tissues by activating the mitochondrial ROS
function to initiate apoptosis (Figure 2E).
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PCNA or Proliferating Cell Nuclear Antigen
serves as a processivity-promoting factor in DNA
replication and an uncharacteristic upsurge of PCNA
leading to epithelial cell proliferation is an early
manifestation of pre-neoplasia [68]. Studies reveal
that the cellular level of PCNA is actively controlled
by p53 [69]. In our study, the carcinogen controlled
animals demonstrated an increase in the number of
PCNA labeled cells along with reduced Al (Apoptotic
Index) values (Table 10) which indicates cellular
proliferation and larger ACF multiplicity within the
colon mucosa. However, treatment with ruthenium
baicalein complex resulted in a substantial decrement
of PCNA labeled cells and increased Al value. Taking
these observations into consideration we can conclude
that ruthenium baicalein complex therapy upregula-
ted the p53 expression that in turn is responsible for
the suppression of PCNA, resulting in reduced
proliferation along with ACF multiplicity and
increased apoptotic events in the colon tissues.

Taken together, our work uncovered novel
molecular mechanism of ruthenium baicalein
complex responsible for the p53 mediated apoptosis
in the colon cancer cells. Apoptosis is initiated by the
activation of the intrinsic apoptotic pathway mediated
by the Bcl2 and Bax proteins under the influence of
activated p53 and simultaneously down regulating
the Akt/mTOR and canonical WNT/[-catenin
pathways. Furthermore, the complex also exerts
antiangiogenic activity by down regulating the VEGF
proteins, resulting in a decrease of ACF multiplicity in
the colon cancer cells. Besides these, the complex has a
profound effect on the anti-oxidant potential of the
cancer cells due to the activation of mitochondrial
ROS under the influence of p53. The decrease of
PCNA as a result of p53 activation further potentiate
apoptosis by reducing cellular proliferation (Figure 7).

Regardless of the stupendous advancement of
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Figure 7. Probable molecular mechanistic pathway of ruthenium baicalein complex
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technology, the treatment strategy against colon
cancer is still to gain substantial momentum and
hence novel approaches to eradicate the disease is the
need of the hour. The present combinatorial treatment
approach  demonstrates  higher efficacy at
substantially lower doses and imparts minimal
toxicity or other side effects, as supported by our
findings. The in wvitro and in vivo results provide
substantial evidence that low doses of ruthenium
baicalein chemotherapy could suspend, reverse or
interrupt the progression of colon cancer by locating
the biomarkers accompanying the induction of
apoptosis in the colon cancer cells by regulating
intrinsic apoptosis as well as antiangiogenic pathway,
thus serving as a potential candidate for cancer
therapy in clinical settings in the near future.
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