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Abstract
Peritoneal carcinomatosis is considered as a potentially lethal clinical condition, and the therapeutic options are limited. 
The antitumor effectiveness of the [Ru(l-Met)(bipy)(dppb)]PF6 (1) and the [Ru(l-Trp)(bipy)(dppb)]PF6 (2) complexes 
were evaluated in the peritoneal carcinomatosis model, Ehrlich ascites carcinoma–bearing Swiss mice. This is the first 
study that evaluated the effect of Ru(II)/amino acid complexes for antitumor activity in vivo. Complexes 1 and 2 (2 and 
6 mg kg−1) showed tumor growth inhibition ranging from moderate to high. The mean survival time of animal groups 
treated with complexes 1 and 2 was higher than in the negative and vehicle control groups. The induction of Ehrlich ascites 
carcinoma in mice led to alterations in hematological and biochemical parameters, and not the treatment with complexes 
1 and 2. The treatment of Ehrlich ascites carcinoma–bearing mice with complexes 1 and 2 increased the number of 
Annexin V positive cells and cleaved caspase-3 levels and induced changes in the cell morphology and in the cell cycle 
phases by induction of sub-G1 and G0/G1 cell cycle arrest. In addition, these complexes reduce angiogenesis induced by 
Ehrlich ascites carcinoma cells in chick embryo chorioallantoic membrane model. The treatment with the LAT1 inhibitor 
decreased the sensitivity of the Ehrlich ascites carcinoma cells to complexes 1 and 2 in vitro—which suggests that the 
LAT1 could be related to the mechanism of action of amino acid/ruthenium(II) complexes, consequently decreasing the 
glucose uptake. Therefore, these complexes could be used to reduce tumor growth and increase mean survival time with 
less toxicity than cisplatin. Besides, these complexes induce apoptosis by combination of different mechanism of action.
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Introduction

Peritoneal carcinomatosis is a locoregional cancer wide-
spread within the peritoneal cavity and may occur as result 
of metastatic primary lesion from the stomach, ovary, 
intestine, colorectal, and, less commonly, lung and breast. 
It is considered potentially lethal clinical condition.1–3 
Usually, progression of the disease is associated with for-
mation malignant ascites that causes abdominal pain and 
pressure, bloating, fatigue, nausea, and anorexia.4,5

The therapeutic options for peritoneal carcinomatosis 
are limited because complete surgical removal is not pos-
sible and systemic chemotherapy is not effective due to 
low concentration within the peritoneal cavity.6 However, 
currently the treatment options have improved signifi-
cantly. Intraperitoneal chemotherapy was introduced in 
treatments of peritoneal carcinomatosis to increase drug 
levels locally.7

Thus, metallodrugs are being developed to help over-
come the limitations of the efficacy and safety of current 
cancer therapies.8,9 In recent years, ruthenium complexes 
have attracted much attention as new transition-metal-
based antitumor agents, as they have certain advantages 
over the platinum complexes that are currently used in 
cancer chemotherapy.10 They show less toxicity, they are 
selective of tumor cells, and present a novel mechanism of 
action, the prospect of non-cross-resistance and a different 
spectrum of activity.11–19

In a previous study, we recently reported that com-
plexes with the general formula [Ru(AA-H)(dppb)(bipy)]
PF6 (AA-H = amino acid anion) inhibited the growth of 
Ehrlich carcinoma cells in vitro.20 Among the Ru(II)/
amino acid/diphosphine complexes evaluated, those with 
l-methionine and l-tryptophan present the best activity 
against Ehrlich carcinoma cells, with IC50 values (concen-
tration that results in a 50% reduction in cellular viability) 
of 10.2 ± 2.3 µM and 8.7 ± 3.1 µM, respectively.20

Ehrlich carcinoma is a murine mammary adenocarci-
noma, referred to as an undifferentiated carcinoma, has high 
transplantable capability, no-regression, rapid proliferation, 
shorter life span, and 100% malignancy.21,22 The ascitic 
form of the tumor is widely used as an experimental model 
for new chemotherapeutic studies. Ehrlich ascites carci-
noma (EAC) is considered similar to the human tumors 
which are the most sensitive to chemotherapy due to its 
undifferentiated feature and rapid proliferation rate.22,23

Thus, the aim this study was to analyze the antitumor 
efficacy and side effects of the [Ru(l-Met)(bipy)(dppb)]
PF6 (1) and the [Ru(L-Trp)(bipy)(dppb)]PF6 (2) complexes 

(Figure 1) using the cisplatin as a reference drug, with 
respect to the peritoneal carcinomatosis model (EAC). The 
antitumor efficacy was evaluated by tumor growth inhibi-
tion, survival time, and angiogenesis inhibition. The cell 
death type induced by Ru(II)/amino acid/diphosphine 
complexes was also investigated. Our study is the first that 
evaluated the effect of Ru(II)/amino acid/diphosphine 
complexes for antitumor activity in vivo and is the first 
study that used chick embryo chorioallantoic membrane 
(CAM) model with EAC cells also.

Materials and methods

Synthesis and characterization of compounds

The synthesis and characterization of [Ru(l-Met)(bipy)
(dppb)]PF6 (1) and [Ru(l-Trp)(bipy)(dppb)]PF6 (2) com-
plexes were described previously by our research group.20 
Briefly, the complexes were synthesized by reacting the 
precursor cis-[RuCl2(dppb)(bipy)] with an excess of the 
amino acid. The solution was refluxed and stirred, and 
NH4PF6 was added. After 1 h, the solvent was removed, 
dichloromethane was added, and the mixture was filtered. 
The volume of the solution was reduced, and ether was 
added; an orange solid was precipitated, isolated by filtra-
tion, washed with H2O and diethyl ether, and dried under a 
vacuum, giving a yield of 85%–90%. The compounds 
were characterized by microanalysis, Infrared (IR), and 
nuclear magnetic resonance (NMR) spectroscopy and by 
thin layer chromatography, and the data were compared 
with those reported previously.20

In vivo studies

Animals.  The 6–8 week-old Swiss albino mice with an 
average body weight of 25–35 g were used for the experi-
ments. The animals were maintained under standard labo-
ratory conditions (22–25°C with dark/light cycle, 12/12 h) 
and allowed free access to a standard dry pellet diet and 
water ad libitum. They were acclimatized to laboratory 
conditions for 5 days before the experiments.

Mouse tumor model.  The Ehrlich tumor, murine mammary 
carcinoma, was introduced intraperitoneally (i.p.) as 
ascites tumors (peritoneal carcinomatosis) into the Swiss 
albino mice. After 7 days of cell inoculation, the peritoneal 
fluid of an animal with EAC was aspirated, the cells were 
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washed in sterile phosphate-buffered saline (PBS), and an 
aliquot of the cell suspension was put into 1% (m/v) 
Trypan blue (Sigma-Aldrich, St. Louis, MO, USA) and 
counted in a Neubauer Chamber. Only cell dilutions with 
≥90% viable cells were used for both the in vitro and in 
vivo studies.24

Antitumor activity in vivo.  The animals were divided into 
seven all-male groups of eight. They were inoculated i.p. 
with 6 × 106 viable EAC cells per mouse, in a volume of 
0.2 mL, 24 h after the treatment was initiated. A negative 
control served as tumor control and received PBS, while 
the vehicle group was treated with PBS containing 10% 
dimethyl sulfoxide (DMSO; Sigma-Aldrich). A third 
group was treated with cisplatin, 2 mg kg−1 body weight. 
Solutions of complexes 1 and 2 were prepared in PBS con-
taining 10% DMSO and administered to the treated group 
at a dose of 2 and 6 mg kg−1 body weight. All the treat-
ments were given for 7 days. The EAC inhibition growth 
was determined from the differences between changes in 
abdominal circumference (ΔAC) and body weight (ΔBW) 
of the animals using the following equation based on a 
method developed by Kviecinski et al.25 and Sunil et al.,26 
respectively
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AC AC
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where ΔACn and ΔACt are the changes in abdominal cir-
cumference from the negative and treated groups, respec-
tively. ΔBWn and ΔBWt represent the body weight changes 
from the negative and treated groups, respectively.

The antitumor activity was classified according to the 
percentage of tumor growth inhibition: absent (when the 
percentage inhibition of tumor equals 0), mild (when the 
percentage of tumor inhibition ≤25%), moderate (when the 
percentage of tumor inhibition ≥ 26%–50%), and high 
(when the percentage of tumor inhibition ≥51%). 
Throughout the period, the animals were observed, and all 
behavioral changes and signs of toxicity or deaths were 
recorded during the first 4 h and then daily.27

Hematological and biochemical parameters.  After 7 days of 
treatment, hematological and clinical chemistry examina-
tions were performed on all surviving animals with saline 
solution, complexes 1 and 2, or cisplatin. The mice were 
euthanized i.p. with a solution of 0.2 mL/100 g of ketamine 
(100 mg mL−1; Dopalen; Vetbrands LTDA, Brazil) and 
xylazine (100 mg mL−1; Dorcipec; Vallée S/A Produtos Vet-
erinários, Brazil). Blood samples were collected in tubes 
containing 10% w/v ethylenediaminetetraacetic acid 
(EDTA) and also in tubes without anticoagulants. The 
hematological parameters evaluated included erythrocyte 
(red blood cell (RBC)) counts, hemoglobin (Hb), hemato-
crit (HCT), total leukocytes (white blood cell (WBC)), and 
platelet counts. All analyses were performed using an auto-
mated analyzer (Beckman Coulter T-890; Beckman Coul-
ter, Inc., Brea, CA, USA). Biochemical assays were 
performed on serum samples to estimate urea, creatinine, 
aspartate aminotransferase (AST/SGOT), and alanine ami-
notransferase (ALT/SGPT), using an automated analyzer 
(VitalabFlexor XL; Vital Scientific, The Netherlands).

Histopathological examination.  The liver and kidneys were 
removed, washed with 1× PBS and fixed in 10% (v/v) for-
malin. All tissues were embedded in paraffin blocks, sec-
tioned into 5 µm in thickness and placed on glass slides. 
After hematoxylin–eosin staining, the slides were observed 
and photos were taken using an optical microscope (Carl 
Zeiss Axiovert w, Germany) containing AxioVision 4.8 
software (Carl Zeiss).

Evaluation of the apoptosis using Annexin V–fluorescein isothio-
cyanate double staining by flow cytometry.  After treatment, 
the ascitic fluid collected from the peritoneal cavity of the 
animals was used to determine the cell death of EAC cells 
by flow cytometer. The population of interest was selected, 
and the cells undergoing apoptosis were determined by 
quantification of phosphatidylserine exposure on the cell 
surface using staining with fluorescein isothiocyanate 
(FITC)-conjugated Annexin V and propidium iodide (PI; 
BD Biosciences, San Diego, CA, USA). A volume of 
5 × 105 cells were stained with 2.5 µL of FITC-conjugated 

Figure 1.  Structure of [Ru(AA-H)(dppb)(bipy)]PF6 complexes: 
AA = methionine (1); tryptophan (2).
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Annexin V plus 3 µL of PI (10 mg mL−1) for 15 min at room 
temperature in the dark. Cells were analyzed using a flow 
cytometer (FACSCalibur™; BD Biosciences) acquiring 
10,000 events/sample using Cell Quest software. The cri-
teria for positivity in cells at the early stages of apoptosis 
were Annexin V positive and PI negative, whereas the cri-
teria for cells at the later stages of apoptosis were both 
Annexin V and PI positive. The criteria for cells in necro-
sis were Annexin V negative and PI positive. Animals 
which did not have ascites underwent peritoneal lavage 
using 9% (w/v) NaCl in order to capture the tumor cells 
found in the abdominal cavity for the analyses.

Assessment of apoptosis and necrosis.  The ascitic fluid col-
lected from the peritoneal cavity of the animals (n = 4 per 
group) was washed with PBS. A volume of 2 × 105 EAC 
cells were suspended in Hoechst (HO) 33342 (10 μg mL−1) 
and PI (2.5 μg mL−1) solution and then incubated at 37°C 
for 10 min in total darkness. The slides were observed 
using a fluorescence microscope (Leica, Germany). At 
least 300 target cells were counted for each animal (n = 4 
per group). The percentages of apoptotic (early and late 
apoptosis) and necrotic cells were determined from the 
total number of cells: (1) viable—blue chromatin with 
organized structure, (2) early apoptosis—bright blue chro-
matin that is highly condensed or fragmented, (3) late 
apoptosis—bright pink chromatin that is highly condensed 
or fragmented, and (4) necrosis—pink chromatin with 
organized structure.28,29

Cell cycle analyses.  In order to discriminate cell cycle phase 
distribution after treatment in vivo, 5 × 105 cells of the ascitic 
fluid were harvested by centrifugation, washed with PBS, 
fixed with 70% (v/v) cold aqueous ethanol, and stored over-
night at −20°C. The fixed cells were then washed with PBS 
and incubated with PI (BD Biosciences) containing 0.05% 
RNase. Samples were incubated at 4°C in the dark and ana-
lyzed by flow cytometry. The percentage of cells in the sub-
G1, G0/G1, S, and G2/M phases were analyzed using a flow 
cytometer (FACSCalibur™; BD Biosciences) acquiring 
10,000 events/sample using ModFit software.

Mean survival time and increased life span.  Survival was 
determined using the same experimental procedure for the 
treatment of antitumor activity. The death of the mice was 
noted daily up to 30 days after each treatment to determine 
mean survival time (MST) and percentage increase in life 
span (% ILS). The MST of each group was monitored by 
recording mortality daily for 30 days. The % ILS was cal-
culated using the following equation30

% ILS=
MSt

MST
100treated group

negativegroup
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





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where MST = Σ survival time (days) of each mouse in a 
group/total number of mice.30 An enhancement of % ILS 

≥25% in the control was considered as an effective antitu-
mor response.

Chick chorioallantoic membrane angiogenesis assay.  The 
CAM model was used to assess complexes 1 and 2 antian-
giogenic activity according to a methodology adapted 
from Melo-Reis et al.31 Forty fertile chicken eggs (Gallus 
domesticus) were incubated at 37°C in a humidified atmos-
phere (60%–70% relative humidity). On the fifth day of 
incubation, a circular hole was opened in the large end of 
the eggshell, the thin white membrane on the CAM was 
removed, and the eggs were returned to the incubator. On 
the 13th day of incubation, the eggs were divided into four 
treatment groups of 10 eggs each: (1) Control: water with 
1% DMSO, (2) EAC cells (6 × 105 cells per CAM), (3) 
complex 1 (IC50: 10 μM20) co-treated with EAC cells, and 
(4) complex 2 (IC50: 10 μM20) co-treated with EAC cells. It 
was placed on top of the CAM, under sterile conditions, 
50 µL of each of these solutions in the indicated concentra-
tions, and, after 72 h, the angiogenic response was evalu-
ated. CAMs were fixed in formaldehyde solution (3.7%) 
for 5 min, cut with curved blunt scissors, and maintained in 
Petri plates with formaldehyde solution. Analysis and 
quantification of newly formed vascular net were made 
through captured images. The percentage area of each 
assay was determined using the GIMP 2.8 and ImageJ 1.49 
software. Images were prepared so that saturation, light, 
and contrast allowed a better resolution of the blood ves-
sels which were quantified in corresponding pixels.31

In vitro studies

Cell culture.  EAC cells were aspirated from the peritoneal 
cavity of the animals and washed with1× PBS solution, 
and then maintained in a humidified atmosphere (Thermo 
Fisher Scientific, Waltham, MA, USA) for 24 h at 37°C in 
5% CO2. RPMI-1640 medium was supplemented with 
10% fetal calf serum, 100 IU mL−1 penicillin G, and 
100 μg mL−1 streptomycin (Sigma-Aldrich).

Western blot assay.  To evaluate whether complexes 1 and 2 
induce caspase-mediated cell death in EAC cells, 2 × 106 
cells were treated with compounds at IC50 values approxi-
mately (10 μM) for 24 h. Total cellular proteins were 
extracted by incubating the cells in lysis buffer obtained 
from Invitrogen. Protein concentrations were determined 
by Bradford assay. Equal amounts of protein were loaded 
per lane in 12% sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS-PAGE) as described previously.17 
After electrophoresis, separated proteins were transferred 
onto nitrocellulose membranes and blocked with 5% non-
fat milk in Tris-buffered saline with Tween 20 (TBST) 
buffer for 1 h at room temperature. Afterward, the mem-
branes were incubated with primary specific antibodies for 
caspase 3 and glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH). The GAPDH antibody was used as control. All 
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antibodies were diluted according to manufacturer’s 
instructions (Cell Signaling Technology, Danvers, MA, 
USA) and incubated at 4°C for ovvernight. The immuno-
reactive bands were detected using an enhanced chemilu-
minescence (ECL) western blotting substrate (Super 
Signal West Pico Substrate; Thermo Fisher Scientific), and 
the ECL signals were captured using a CCD camera 
(ImageQuant LAS 4000 mini; GE Healthcare, Chicago, 
IL, USA). The optical density of the target protein bands 
was measured using ImageJ 1.49 software to compare the 
protein levels.

Glucose uptake assay.  To verify whether glucose uptake 
can be modified by the presence of complexes 1 and 2, 
1 × 105 EAC cells were treated with or without compounds 
at IC50 values approximately (10 μM) for 48 h, in triplicate. 
After treatment, the conditioned medium was collected, 
and the glucose concentration was measured using an 
automated analyzer (VitalabFlexor XL, Vital Scientific) 
modified by Fu et al.32

Evaluation of competitive inhibition.  To evaluate responses to 
the system L competitive inhibitor, 2-aminobicyclo-
(2,2,1)-heptane-2-carboxylic acid (BCH; Sigma-Aldrich), 
1 × 105 EAC cells were treated with or without 5 µM of 
BCH in 1N NaOH. Complexes 1 and 2 in different concen-
trations (5, 10, and 20 µM) were added 15 min after BCH, 
and the control cultures received an equivalent concentra-
tion of NaOH. Cells were treated with BCH/Ru(II) com-
plexes for 4 h after which the treatment medium was 
removed and replaced with fresh media, adapted by Lin 
et al.33 Finally, 24 h later, the cells were counted using an 
automated cell counter (Luna Automated Cell Counter; 

Logos Biosystems, Annandale, VA, USA) to determine the 
ratio of live to dead cells. All experiments were performed 
in triplicate.

Statistical analysis

Data were analyzed for statistically significant experimental 
differences using an analysis of variance (ANOVA) fol-
lowed by the Tukey or Bonferroni test. Statistical signifi-
cance was considered at p < 0.05. All statistical analyses 
were performed using the statistical software GraphPad 
Prism, version 5 for Windows (GraphPad Software Inc., La 
Jolla, CA, USA).

Results

Peritoneal carcinomatosis inhibition and clinical 
symptoms

The antitumor activities of complexes 1 and 2 were tested 
in EAC-bearing mice, and the analysis of tumor growth 
inhibition by ∆AC showed high antitumor potential for 
these complexes (Table 1). The analysis of tumor growth 
inhibition by ∆BW against EAC cells showed antitumor 
activity ranging from moderate to high. Cisplatin exhibited 
high potential tumor growth inhibition, with the two meth-
ods used: ΔAC and ΔBW (Table 1).

The animals treated for 7 days with complexes 1 and 2 (2 
and 6 mg kg−1) showed no signs of toxicity or change in 
behavior. Treatment with complex 1 (2 mg kg−1) caused mild 
writhing in two animals over the first 30 min but subse-
quently this sign was not observed. The animals treated with 
cisplatin showed alopecia, diarrhea, discreetly modified 

Table 1.  Antitumor activity of Ru(II)/amino acid/diphosphine complexes against EAC-bearing Swiss mice according to abdominal 
circumference and body weight.

Group (n = 8) Treatment Abdominal circumference Body weight

ΔACa (cm) Tumor inhibition (%) ΔBWb (g) Tumor inhibition (%)

Negativec PBS 2.14 ± 0.20 – 10.64 ± 1.06 –
Vehicle DMSO 2.04 ± 0.22 – 8.27 ± 0.95 9.13 ± 3.43
Complex 1 2 mg kg−1 0.49 ± 0.30d**,e** 68.62 ± 14.97e*** 5.06 ± 0.84d** 52.41 ± 7.93e**

6 mg kg−1 0.69 ± 0.32d**,e** 68.07 ± 15.09e*** 5.00 ± 0.92d*** 50.47 ± 9.06e*
Complex 2 2 mg kg−1 0.95 ± 0.27d*,e* 65.42 ± 10.09e** 6.10 ± 0.68d* 47.68 ± 4.71e*

6 mg kg−1 0.33 ± 0.16d***,e*** 84.42 ± 7.70e*** 3.76 ± 0.92d*** 74.62 ± 6.46e***
Cisplatin 2 mg kg−1 0.26 ± 0.11d***,e*** 87.73 ± 5.22e*** 3.96 ± 0.43d*** 62.79 ± 4.08e*

EAC: Ehrlich ascites carcinoma; ΔAC: changes in abdominal circumference; ΔBW: changes in body weight; PBS: phosphate-buffered saline; DMSO: 
dimethyl sulfoxide.
Data show mean ± SEM.
aVariation in abdominal circumference.
bVariation in body weight.
cNegative control group.
dNormal group versus negative group.
eNormal group versus vehicle group.
*p < 0.05; **p < 0.01; ***p < 0.001.
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muscle tone, and moderate ataxia throughout the 7-day treat-
ment. No deaths were recorded during the treatment period.

Evaluation of hematological, biochemical, and 
histopathological parameters

Induction of the EAC changed the hematological and bio-
chemical parameters of the mice (Tables 2 and 3). The val-
ues of erythrocytes, Hb, and HCT obtained from the negative 
control and vehicle groups were lower than the reference 
values for Swiss male tumor-free mice.34 In addition, there 
were increased values of AST/SGOT and ALT/SGPT in the 
animals in the negative control and vehicle groups. Animals 
treated with complexes 1 and 2 statistically altered the 

platelet count (Table 2). The treatment with complex 1 
(6 mg kg−1) and cisplatin (2 mg kg−1) caused a decrease in the 
number of platelets, while complex 2 (6 mg kg−1) caused an 
increase in the platelet count of the mice. The histological 
analysis of the experimental groups showed liver and kid-
ney changes (Figures 2 and 3). The livers of tumor-free ani-
mals showed no sign of necrosis, fatty degeneration, or 
inflammation, while the livers of all animals in the experi-
mental groups showed mild cellular infiltration. However, 
glomerular structures and proximal and distal tubules in the 
mice kidneys were normal. Only the kidneys of animals 
treated with complex 1 (2 and 6 mg kg−1) showed congestion 
and mild tubular necrosis. Furthermore, a microscopic 
examination of the kidney of one animal only showed that 
tumor cells had adhered to the organ capsule after treatment 

Table 2.  Effect of Ru(II)/amino acid/diphosphine complexes on the hematological parameters in peripheral blood of EAC-bearing 
mice.

Group (n = 8) Treatment Total leukocytes 
(WBC; 103/mm3)

Erythrocyte 
(RBC) counts 
(106/mm3)

Hb (g/dL) HCT (%) Platelets  
(103/mm3)

Lymphocytes 
(%)

Normala – 6.9 ± 0.6 9.4 ± 0.1 13.6 ± 0.2 41.2 ± 0.8 810 ± 55 73.1 ± 1.6
Negativeb PBS 5.0 ± 0.9 5.7 ± 0.5c** 9.4 ± 1.0c* 302 ± 2.8c* 716.7 ± 92.4 65.40 ± 4.61
Vehicle DMSO 4.6 ± 0.4 5.2 ± 0.6c** 9.4 ± 1.0c* 27.9 ± 3.4 564.8 ± 190.1 58.42 ± 10.72
Complex 1 2 mg kg−1 6.7 ± 1.3 5.6 ± 0.9 10.5 ± 1.4 30.1 ± 5.1 583.1 ± 73.4 41.13 ± 8.18

6 mg kg−1 5.8 ± 0.7 4.8 ± 0.3 8.8 ± 0.6 25.6 ± 1.8 334.8 ± 93.2d*** 58.05 ± 5.84
Complex 2 2 mg kg−1 8.1 ± 0.4 6.1 ± 0.6 10.9 ± 1.0 33.0 ± 3.5 837.6 ± 187.6 51.07 ± 6.24

6 mg kg−1 5.5 ± 0.8 7.5 ± 0.4 12.5 ± 0.8 39.3 ± 2.3 1218.7 ± 130.1d*** 70.10 ± 2.86
Cisplatin 2 mg kg−1 2.1 ± 0.4 3.4 ± 0.9 6.4 ± 1.2 17.6 ± 4.7 279.6 ± 75.7d*** 80.65 ± 1.33

EAC: Ehrlich ascites carcinoma; WBC: white blood cell; RBC: red blood cell; Hb: hemoglobin; HCT: hematocrit; PBS: phosphate-buffered saline; 
DMSO: dimethyl sulfoxide.
aReference values.34

bNegative control group.
cNormal group versus negative control and vehicle groups.
dNormal group versus negative control group.
*p < 0.05; **p < 0.01; ***p < 0.001.

Table 3.  Effect of Ru(II)/amino acid/diphosphine complexes on the biochemical parameters in peripheral blood of EAC-bearing 
mice.

Group (n = 8) Treatment Urea (mg/dL) Creatinine (mg/dL) AST/TGO (U/L) ALT/TGP (U/L)

Normala – 47 ± 4 0.4 ± 0.0 277 ± 18 62.0 ± 4
Negativeb PBS 52.5 ± 3.4 0.4 ± 0.2 933.7 ± 140.7c*** 739.2 ± 104.2c***
Vehicle DMSO 59.1 ± 5.4 0.5 ± 0.1 812 ± 181c*** 763 ± 73c***
Complex 1 2 mg kg−1 51.3 ± 1.1 0.3 ± 0.1 1150 ± 232 139.6 ± 16.9d***

6 mg kg−1 60.2 ± 2.7 0.2 ± 0.1 1291 ± 195 132.5 ± 14.4d***
Complex 2 2 mg kg−1 59.0 ± 3.6 0.4 ± 0.1 1964 ± 251d** 177.0 ± 26.0d***

6 mg kg−1 58.1 ± 4.5 0.4 ± 0.1 1374 ± 236 128.6 ± 22.6d***
Cisplatin 2 mg kg−1 56.0 ± 2.8 0.3 ± 0.1 1577 ± 344 815 ± 25.3

EAC: Ehrlich ascites carcinoma; AST: aspartate aminotransferase; ALT: alanine aminotransferase; PBS: phosphate-buffered saline; DMSO: dimethyl 
sulfoxide.
aReference values.34

bNegative control group.
cNormal group versus negative control and vehicle groups.
dNormal group versus negative control group.
**p < 0.01; ***p < 0.001.
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Figure 2.  Effect of Ru(II)/amino acid/diphosphine complexes on the histopathological parameters of the livers of EAC-bearing 
mice. (a) Normal—hepatocytes with normal appearance and unchanged tissue. (b) Negative control—mild necrosis (circle) with 
eosinophilic hepatocytes with pyknotic nuclei (arrows) and cellular inflammation. (c) Vehicle—hepatocytes with normal appearance 
and mild cellular inflammation. (d) Cisplatin (2 mg kg−1)—mild necrosis (circle) with eosinophilic hepatocytes with pyknotic nuclei 
and cariorrexis (arrows), liver with mild cellular inflammation. (e) Complex 1 (2 mg kg−1)—hepatocytes with normal appearance 
and mild cellular inflammation. (f) Complex 1 (6 mg kg−1)—hepatocytes with normal appearance and mild cellular inflammation. 
(g) Complex 2 (2 mg kg−1)—hepatocytes with normal appearance and mild cellular inflammation. (h) Complex 2 (6 mg kg−1)—mild 
cellular inflammation.
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Figure 3.  Effect of Ru(II)/amino acid/diphosphine complexes on the histopathological parameters of the kidneys of EAC-bearing 
mice. (a) Normal—renal cells with normal appearance and unchanged tissue. (b) Negative control—mild tubular necrosis (square) 
and tissue congestion. (c) Vehicle—mild tubular necrosis, hyperemia (circle), and tissue congestion. (d) Cisplatin (2 mg kg−1)—mild 
to moderate necrosis (square) with eosinophilic renal cells with pyknotic nuclei and cariorrexis and intensive hyperemia (circle). (e) 
Complex (1) (2 mg kg−1)—mild tubular necrosis, hyperemia (circle), mild cellular inflammation (arrows), and tissue congestion. (f) 
Complex (1) (6 mg kg−1)—mild tubular necrosis, hyperemia (circle), mild cellular inflammation (arrows), and tissue congestion. (g) 
Complex (2) (2 mg kg−1)—renal cells with normal appearance and unchanged tissue. (h) Complex (2) (6 mg kg−1)—renal cells with 
normal appearance and unchanged tissue.
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with a 2 mg kg−1 dose of complex 1 (Figure 4). Treatment 
with cisplatin caused mild inflammation, congestion, and 
necrosis in the liver and moderate inflammatory infiltrate 
and mild necrosis in the kidneys.

Effect of complexes 1 and 2 on the reduction 
of tumor cell viability and cell death in vivo

The cell death type induced by complexes 1 and 2 was 
evaluated by measuring the number of Annexin V positive, 
activated caspase-3 levels, and morphological features. 
The externalization of phosphatidylserine in cellular mem-
brane was determined by number of Annexin V positive 
cells using flow cytometer. As shown in Figure 5(a), 
although animals from the negative control and vehicle 
groups presented a percentage of viable cells of about 
91%, animals treated with complexes 1 and 2 (2 and 
6 mg kg−1) showed a lower percentage of viable cells, vary-
ing from 75.6% to 84.8%, and a simultaneous increase in 
the percentage of non-viable cells. Treatment with com-
plex 1 (2 mg kg−1) induced the death of EAC cells by late 
apoptosis (11.1% ± 3.1%, p < 0.05) when compared to the 
negative control group. All treatments were capable of 
increasing the percentage of apoptotic death when com-
pared with the negative control and vehicle groups. These 
results suggest that the complexes induced decrease in cell 
viability, probably inducing apoptosis.

To confirm the type of cell death induced by com-
pounds, the cleavage of caspase-3 was investigated by 
western blotting and morphological analysis was analyzed 
using the HO/PI double staining. As shown in Figure 5(b) 
the protein levels of caspase-3 were significantly increased 
in response to both treatments. EAC cells with complex 1 
increased cleaved caspase-3 protein levels by 1.4 ± 0.1-
fold (p < 0.05), and when exposed to complex 2, higher 

protein levels were clearly observed (2.7 ± 0.3-fold, 
p < 0.001).

The typical morphological features of apoptosis and 
necrosis were considered: apoptosis—nuclear condensa-
tion, cell shrinkage, membrane blebbing, and DNA frag-
mentation; and necrosis—swollen enlarged cells with 
disintegrated cell membrane (Figure 5(c)). Both com-
pounds, when tested, caused cell death by apoptosis 
(Figure 5(d)). The treatment with complex 1 at doses of 2 
and 6 mg kg−1 bw induced apoptosis in 29% ± 5% 
(p < 0.001) and 19% ± 4% (p < 0.01) of the EAC cells, 
respectively. While, 23% ± 7% (p < 0.001) and 23% ± 2% 
(p < 0.001) of EAC cells collected from animals treated 
with complex 2 (2 and 6 mg kg−1 bw, respectively) also 
undergo apoptosis.

Effect of complex 1 and 2 on cell cycle kinetics

Treatment of the negative control group with saline showed 
that most cells were viable, with a typical distribution in 
the sub-G1, G0/G1, S, and G2/M phases (Figure 6). 
However, after treatment of the mice with complexes 1 
and 2, there was a change in the cell cycle, when compared 
to the negative control group, with an increase in the per-
centage of cells in sub-G1 and G0/G1 and a consequent 
reduction in cells in the S and G2/M phases (Figure 6).

MST and ILS

The survival rate of EAC-bearing mice treated with com-
plexes 1 and 2 was determined by daily observations: 
deaths were recorded over a 30-day period. Survival rate 
was represented by the Kaplan–Meier curve (Figure 7). As 
demonstrated in Table 4, negative control and vehicle 
groups showed an MST of 18 and 19.6 days, respectively. 
The MST of complexes 1 and 2 (2 and 6 mg kg−1) ranged 
from 23.6 to 27.4 days, with a significant statistical differ-
ence between the negative control and vehicle groups. 
Treatment of mice with cisplatin showed an MST of 
21 days. All treatments with complexes 1 and 2 increased 
the life span of EAC-bearing mice (% ILS ≥ 25; Table 4). 
Animals treated with cisplatin did not show any significant 
ILS (% ILS = 17).

Antiangiogenic activity in the CAM model and 
glucose uptake in vitro

Angiogenesis is critical to cancer progression because new 
blood vessels provide nutrition and oxygen, and elimina-
tion of accumulated metabolic wastes.35,36 CAM model is 
an attractive model to rapidly evaluate the efficacy of 
novel therapeutic drug and the in vivo inhibition of several 
tumor types.37 As shown in Figure 8, the EAC cells induced 
angiogenesis in the CAM model with vascularization per-
centage of 34% ± 5% (p < 0.001 compared to control). The 

Figure 4.  Tumor cells adhered to the kidney capsule 
(arrow) and marked hyperemia, tissue congestion, and cellular 
inflammation.



10	 Tumor Biology ﻿

Figure 5.  Effect of Ru(II)/amino acid/diphosphine complexes on the mechanism of cell in Ehrlich ascites carcinoma cells after 
treatment of EAC-bearing mice. (a) Flow cytometric analysis using the Annexin V–FITC/PI double staining: Q1—viable cells, Q2—
Annexin V+/PI−, Q3—Annexin V+/PI+, Q4—Annexin−/PI+. Data show the mean ± SEM of eight animals per treatment. (b) Western 
blot analysis of caspase-3 protein levels in EAC cells after incubation with complexes 1 and 2 for 24 h. GAPDH immunoblotting is a 
loading control. Quantitative analysis of protein expression using ImageJ software. Graphs show quantification of protein expression 
after normalizing the data (*p < 0.05, **p < 0.01, and ***p < 0.001 indicate statistically significant differences with the untreated 
control). (c) Representative images show morphological changes of EAC cells detected with dual staining of Hoechst 33342/
PI: viable—blue chromatin with organized structure, necrosis—red chromatin with organized structure, early apoptosis—bright 
blue chromatin highly condensed or fragmented, and late apoptosis—pink or red chromatin highly condensed or fragmented. (d) 
Percentage of EAC cells in apoptosis and necrosis after treatment of EAC-bearing mice by double staining with HO/PI. Data show 
the mean ± SEM of four animals per treatment (‘a’ vs negative group, ‘b’ vs vehicle group; *p < 0.05, **p < 0.01, and ***p < 0.001 
indicate statistically significant differences with the untreated control).
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Figure 6.  Effect of Ru(II)/amino acid/diphosphine complexes on cell cycle progression in Ehrlich ascites carcinoma cells after 
treatment of EAC-bearing mice was evaluated by flow cytometry. (a) Data show the mean ± SEM of eight animals per treatment 
(*p < 0.05, **p < 0.01, and ***p < 0.001 indicate statistically significant differences with the negative control). (b) A histogram for 
the cell cycle kinetics of the tumor cell in response to treatment with complexes 1 and 2 in vivo. The histogram shows the DNA 
content (x-axis; PI fluorescence) versus number of positive events (y-axis).

co-treatment of the EAC cells with complexes 1 and 2 
demonstrated that these complexes led to reduction of 
angiogenesis induced by EAC cells (Figure 8). The control 
group showed 22% ± 6% of vascularization, and the treated 
groups showed similar values to control, 26% ± 4% and 
27% ± 4%, for complexes 1 and 2, respectively.

To investigate whether antiangiogenic activity can 
change the glucose consumption, EAC cells were treated 
with complexes 1 and 2 for 48 h in vitro. The treatment 
with complexes 1 and 2 led to a decrease in glucose uptake 
by EAC cells after treatment compared to non-treated 
tumor cells (Figure 9). The cells required 37 ± 2 mg dL-1 
and 21 ± 4 mg dL−1 of glucose when treated with com-
plexes 1 and 2, respectively, while the control required 
62 ± 4 mg dL−1.

Effect of the inhibition of LAT1 on the viability 
of tumor cells in vitro

The neutral amino acid transporter, LAT1, can regulate 
cell proliferation and cancer progression, such as cell 

Figure 7.  Effect of Ru(II)/amino acid/diphosphine complexes 
on the Kaplan–Meier survival estimate of EAC-bearing mice. 
After EAC inoculation (6 × 106 cells/mouse i.p.), mice were 
treated with different doses of Ru(II)/amino acid/diphosphine 
complexes. Animals (male; n = 8) were monitored daily for 
30 days.  negative group,  vehicle group,  complex 1 
(2 mg kg−1),  complex 1 (6 mg kg−1),  complex 2 (2 mg kg−1), 

 complex 2 (6 mg kg−1), and  cisplatin (2 mg kg−1).
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growth, invasion, and angiogenesis.38 In order to verify 
whether the in vitro18,20 and in vivo effects of the Ru(II)/
amino acid/diphosphine complexes observed for EAC 
cells could be related to the LAT1, the cells were treated 
with complexes 1 and 2, in the presence and/or absence of 
BCH, in vitro. As shown in Figure 10, treatment with the 
competitive and selective inhibitor, BCH (5 µM), alone did 
not result in any significant differences in total number of 
cells or ratio of cells (live/dead). EAC cells were sensitive 
to therapeutic concentrations of complexes 1 and 2 (5–
20 µM), yielding significant decreases in the total cell 
number (p < 0.001) and ratio of cells (live/dead; p < 0.01 
and p < 0.001). The complex 1 showed effect in a non-con-
centration-dependent manner because when the concentra-
tion was increased, unlike expected, the total cell number 
and ratio of cells were also increased. Otherwise, the same 
effect is not observed at 5 and 10 µM of complex 2, like 

Table 4.  Effect of Ru(II)/amino acid/diphosphine complexes on the MST and ILS of EAC-bearing mice.

Group (n = 8) Treatment MST (days) ILS (%) Death

Negativea PBS 18 – 8
Vehicle DMSO 19.6 9 8
Complex 1 2 mg kg−1 26.6b***,c*** 48 5
  6 mg kg−1 24.3b***,c*** 35 6
Complex 2 2 mg kg−1 27.4b***,c*** 52 5
  6 mg kg−1 23.6b***,c*** 31 7
Cisplatin 2 mg kg−1 21 17 7

EAC: Ehrlich ascites carcinoma; MST: mean survival time; ILS: increase in life span; PBS: phosphate-buffered saline; DMSO: dimethyl sulfoxide.
Animals (male) are monitored daily for 30 days.
aNegative control group.
bNormal group versus negative control group.
cNormal group versus vehicle group.
***p < 0.001.

Figure 8.  Antiangiogenic potential of Ru(II)/amino acid/diphosphine complexes. (a) Representative photomicrographs of different 
CAMs after 72 h of treatment with complexes 1 and 2. (b) Images obtained from ImageJ software of CAMs after preparation for 
vascularization measure. (c) Quantification of angiogenic response of the complexes 1 and 2 co-treated with tumor cells. The 
percentage of vascularization from CAMs was analyzed by ImageJ software. Data show the mean ± SD of 10 CAMs per treatment 
(***p < 0.001 indicate statistically significant differences with the control (water solution in 1% DMSO)). Ehrlich ascites tumor (EAC) 
cells were used as angiogenesis inductor at concentration of 6 × 105 cells.

Figure 9.  Effect of Ru(II)/amino acid/diphosphine complexes 
on the glucose consumption of Ehrlich carcinoma cells after 
treatment for 48 h at IC50 values in vitro.
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expected, the cell viability decreased with increasing con-
centration (Figure 10). However, this did not happen at the 
highest concentration of complex 2. Those facts can be 
observed probably due the transporter and compound 
properties. Because simultaneous treatment with BCH 
decreased sensitivity to complexes 1 and 2, yielding total 
cell numbers (p > 0.05) and ratio of cells (live/dead; 
p > 0.05) similar to those of the control (Figure 10).

Discussion

In this study, the antitumor effects of complexes 1 and 2 
were assessed using EAC-bearing Swiss mice. These com-
plexes were selected from among others with amino acids, 
using the same formula, because they have higher molecu-
lar weight and show better cytotoxic effects toward Ehrlich 
carcinoma cells,20 as previously mentioned.

Complexes 1 and 2 showed high effectiveness with 
antitumor activity ranging from a moderate to high (Table 
1) and a higher MST and increased life span (Table 4). 
Prolongation of an animal’s life span has been considered 
a reliable criterion for the antitumor efficacy of new proto-
types.15,39 In this study, the clinical symptoms and hemato-
logical, biochemical, and histopathological parameters 
were analyzed to evaluate possible toxicological effect 
from treatment in EAC-beating mice. The treatment with 
complexes 1 and 2 did not induce any behavioral change, 
signs of toxicity, or animal deaths during the evaluation of 
antitumor activity.

As demonstrated by other similar signs of toxicity stud-
ies with cisplatin,40,41 the results obtained for the antitumor 
evaluation with 2 mg kg−1 of cisplatin demonstrated high 
therapeutic potential (Table 1). However, the treatment 
triggered various side effects in the EAC-bearing mice, 
such as weakness. Treatment of the mice led to an MST of 
21 days (p > 0.05) and an ILS of 17% (Table 4), which were 
not effective for prolonging the life span.

Progression of Ehrlich carcinoma has been reported in 
the literature by means of hematological changes, such as 
a decrease in Hb and the erythrocyte count,15,25,39 and the 
same were observed in our data (Table 2). The values of 
erythrocytes, Hb, and HCT obtained from the negative 
control and vehicle groups were reduced, when compared 
to values for Swiss male tumor-free mice (Table 2). The 
reduced values of erythrocytes, Hb, and HCT suggest ane-
mia in EAC-bearing mice. Anemia seen in EAC-bearing 
mice is reported mainly through a reduction in erythro-
cytes or Hb.42 Although the treatments with complexes 1 
and 2 presented slightly increased values in the above-
mentioned parameters, cisplatin was able to reduce these 
counts in relation to normal, negative control, and vehicle 
groups.

Disorders in bone marrow cells have been reported 
after using metallodrugs, such as cisplatin and carboplatin, 
causing myelotoxicity,43 while after treatment with ruthe-
nium complexes, hematologic toxicity due to erythropenia 
and leukopenia were reported.24,44 The leucocyte count for 
animals treated with complexes 1 and 2 showed increased 
values in relation to the negative control and vehicle 
groups, yielding values close to those of the normal group. 
Platelet counts were lower after treatment with complex 1 
(6 mg kg−1) and higher after treatment with complex 2 
(6 mg kg−1), when compared to the normal groups and neg-
ative control. Treatment with cisplatin decreased the leu-
kocytes and platelets in relation to the normal group and 
negative control (Table 2), which suggests myelotoxicity, 
as reported in the literature.41

Although modifications in kidney tissue were observed 
in the treatment with complex 1, the analysis of biochemi-
cal parameters did not show any significant changes in the 
levels of urea or creatinine (Table 3). There was an increase 
in both transaminases in all the experimental groups com-
pared to the normal group, but the levels of ALT/TGP for 

Figure 10.  Effect of Ru(II)/amino acid/diphosphine complexes 
on the viability of Ehrlich carcinoma cells after inhibition 
of LAT1 in vitro. (a) Total Ehrlich tumor cell number 
after exposure to BCH and Ru(II)/amino acid/diphosphine 
complexes. (b) Ratio of cells (live/dead) after exposure to BCH 
and Ru(II)/amino acid/diphosphine complexes. All experiments 
were repeated in triplicate. Data show the mean ± SD 
(*p < 0.05, **p < 0.01, and ***p < 0.001 indicate statistically 
significant differences with the untreated control).
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the groups treated with complexes 1 and 2 were lower than 
those found in negative control, vehicle, and cisplatin 
groups. However, the histological analysis revealed that all 
experimental groups had liver toxicity with mild inflam-
mation and necrosis. It is most likely that the inflammation 
in the liver of the animals was related to the induction of 
EAC cells and not to drug-induced hepatitis.

According to the data obtained here, complex 2 showed 
greater effectiveness and safety than complex 1. This 
could be attributed to the presence of the tryptophan, 
whose structure contains two aromatic rings and conse-
quently has a higher molecular weight. For i.p. treatment 
of peritoneal carcinomatosis, drugs with a high molecular 
weight are more desirable because low molecular weight 
drugs, such as cisplatin, can be rapidly absorbed by sys-
temic circulation, leading to decreased efficacy and 
increased risk of systemic toxicity, as observed in intrave-
nous administration.6,7

Studies with ruthenium complexes found that the most 
lipophilic complexes exhibited the best cytotoxicity and 
highest cellular uptake.45–47 The partition coefficient (log p) 
between the water or buffer and n-octanol is the most 
widely used measure of chemical compound lipophilicity48 
as it is a major structural factor governing both the pharma-
cokinetics and pharmacodynamics of drugs, because up to 
a certain limit, compounds with higher lipophilicity have 
higher permeation across biological membranes (but lower 
aqueous solubility). Generally, for an effective anticancer 
drug to initiate cell death, it must reach viable cells in a 
tumor and be retained at a sufficient concentration on a rel-
evant time scale. The partition coefficient values for com-
plexes 1 and 2 are 0.4 and 0.6, respectively.20 Maybe the 
higher molecular weight of complex 2 and its enhanced 
lipophilicity result in its greater effectiveness and safety 
than complex 1, as previously mentioned.

Studies in vitro have reported the effects of Ru(II)/
amino acid/diphosphine complexes on the mechanism of 
growth inhibition of tumor cells.17,18 It was found that the 
Ru(II)/glycine/diphosphine complexes induce apoptosis in 
180 tumor sarcoma cells, as well as increases the number 
of Annexin V positive cells and causes G0/G1 phase cell 
cycle arrest, loss of mitochondrial membrane potential, 
activates caspase-3, caspase-8, and caspase-9, and causes a 
change in the messenger RNA (mRNA) expression levels 
of caspase-3, caspase-9 and Bax. It also increases the lev-
els of the pro-apoptotic Bcl-2 family protein Bak.17 For 
EAC cells, an in vitro study reported that Ru(II)/trypto-
phan/diphosphine complex (complex 2, in this study) 
induces apoptosis, stops the cell cycle in the G0/G1 phase, 
and increases mRNA expression levels of Trp53, Pak1, 
FAS, caspase-3, and caspase-9.18

In this study, a test using fluorescent Annexin V and HO/
PI staining was carried out to determine whether the antitu-
mor potential in vivo of complexes 1 and 2 is associated 
with the induction of death by apoptosis or necrosis. As 
shown in Figure 5(a), treatment of the mice with complexes 

1 and 2 increased Annexin V positive cells, which suggests 
the induction of cellular death by apoptosis. Cell apoptosis 
is one of the main types of death and displays a range of 
common characteristics that involve a series of biochemi-
cal events and typical morphological changes.49 The HO/PI 
double staining from EAC cells confirmed that complexes 
1 and 2 caused cell death by apoptosis by changing the 
morphological features (Figure 5(c) and (d)). Chartterjee 
et al.50 (also in vivo) examined the viability of cells post 
treatment with Ru(II)/arene/PTA complexes, called 
RAPTA-C, for Annexin V and PI double staining, by flow 
cytometry, and showed that treatment with the RAPTA-C 
in EAC-bearing mice induced apoptosis in EAC cells.

The apoptotic pathway is initiated by cleavage of cas-
pase-3 and causes typical morphological changes includ-
ing cell shrinkage, chromatin condensation, membrane 
blebbing, the appearance of membrane-associated apop-
totic bodies, and DNA fragmentation.49,51 Likewise, the 
morphological characteristics induced by complexes 1 and 
2 (Figure 5(c)) were induced by caspase-3 activation 
(Figure 5(b)).

As shown in the cell cycle analysis (Figure 6), com-
plexes 1 and 2 led to a significant increase in the EAC 
cells in the sub-G1 phase (fragmented DNA) when com-
pared to the negative control, thereby leading to apopto-
sis. In addition, the percentage of cells in the G0/G1 phase 
also increased and was accompanied by a corresponding 
reduction in cells in the S and G2/M phases, thus stopping 
the progression of the cell cycle. Based on the principle 
that, among other typical features, apoptotic cells are 
characterized by DNA fragmentation and a consequent 
loss of nuclear DNA content, the treatment with com-
plexes 1 and 2 led to EAC cell apoptosis due to increases 
in Annexin V positive cells and the percentage of cells in 
the sub-G1 phase.

CAM model has been widely used for monitoring 
tumor angiogenesis by inducing angiogenesis in several 
different types of tumor cells.52–55 However, the induction 
of angiogenesis by EAC cells using CAM model was 
reported for the first time in this study. Complexes 1 and 2 
reduced the angiogenic potential of EAC cells in CAM 
model (Figure 8), which is an interesting property for 
treatment of many cancers, especially for peritoneal carci-
nomatosis, because ascitic fluid is the direct nutritional 
source for tumor cells. It contains several growth factors 
and the nutrients needed for cell survival and proliferation. 
Rapid tumor growth leads to increased ascitic fluid per-
haps to attend the high nutritional requirements of tumor 
cells.24,39,56 Thereby, the results found indicate that the 
high antitumor potential of the complexes 1 and 2 in EAC-
bearing mice led to increased MST and an increased life 
span, probably through the inhibition of angiogenesis 
induced by EAC cells and apoptosis induction of the EAC 
cells in vivo.

We demonstrated that the EAC cells treated with com-
plexes 1 and 2 had reduction of glucose consumption 
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(Figure 9), and this finding can be related with antiangio-
genic potential. It has been reported that neoangiogenesis is 
necessary to provide glucose to cancer cells.57 Furthermore, 
many cancer cells exhibit high glucose consumption aim-
ing to increase cell proliferation and renewal.58

Likewise, cancer cells show reprogrammed energy 
metabolism, which results in a selective growth advantage 
and resistance to apoptotic death, since not only glucose 
but also other biomolecules, such as amino acids, are 
required for their survival and growth.36,59,60

The LAT1 are members of the sodium-independent 
amino acid transport system L, originally defined in the 
EAC cells, and are upregulated in human primary cancers 
and tumor cell lines, demonstrating an essential role for 
growth and survival.61 Studies determining the function of 
LAT1 in cancer have used a well characterized LAT family 
inhibitor, BCH.62 BCH is a model compound for the study 
of amino acid transporters, it is characterized as a system L 
competitive and selective inhibitor, particularly LAT1, 
capable of blocking the transport of amino acids into living 
cells and causing cell damage.63 The inhibition of LAT1 
activity has been proposed as oncology therapeutic impli-
cations, causing inhibition of cell growth and proliferation 
by deprivation of essential amino acids necessary for pro-
tein synthesis, cell growth, and proliferation.64–67

When LAT1 is blocked by BCH, it has been reported 
that the cell proliferation and DNA synthesis 

are suppressed,33,62 apoptosis is induced in several types 
cancer cells,67,68 and cleaved caspase-3 levels are 
increased.63,68 As shown in Figure 10, EAC cells were sen-
sitive to complexes 1 and 2, and reduced the total cell 
number and ratio of cells (live/dead), but when they were 
previously treated with BCH, the same effect was not 
observed. The LAT1 could be associated with the mecha-
nisms of growth inhibition of EAC cells in vitro and in 
vivo, allowing that Ru(II)/amino acid/diphosphine com-
plexes could be (1) cytotoxic substrates that are delivered 
into the cell via LAT1, to act on an intracellular target and 
thereby promote tumor cell death or (2) inhibitors that 
selectively block transport by LAT1, and thereby deprive 
the tumor cells of the nutrients required for growth and 
proliferation. However, the relationship between LAT1 
and the effect observed induced by complexes 1 and 2 in 
EAC cells is not clear. These results call for the undertak-
ing of further studies to elucidate the mechanism by which 
Ru(II)/amino acid/diphosphine complexes interact with 
the LAT1 of tumor cells and cause tumor growth inhibi-
tion, apoptosis induction, and caspase-3 activation.

The inhibition of EAC cell angiogenesis probably 
reduces the supply of essential nutrients required, like glu-
cose, for cell growth and survival leading to cell death by 
apoptosis. Likewise, our results show that these metal 
complexes could be cytotoxic substrates that are delivered 
into the cell via LAT1 or can block transport by LAT1 and 

Figure 11.  Hypothesis of effect of Ru(II)/amino acid/diphosphine complexes on tumor cells, suggesting that inhibition of 
angiogenesis reduces the glucose consumption in tumor cells and that LAT1 can be targeted by Ru(II)/amino acid/diphosphine 
complexes delivered into tumor cells, depriving supplementation of several growth factors and the nutrients needed for cell survival 
and proliferation, leading to apoptosis. Moreover, complexes 1 and 2 cause DNA fragmentation in vitro18 and in vivo from EAC 
cells, increasing Trp53 expression,18 G0/G1 phase cell cycle arrest, and finally cell death by caspase-3 mediated apoptosis.
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thereby promote tumor cell death. Our hypothesis for the 
inhibition of mechanisms of growth in EAC cells by com-
plexes 1 and 2 is that the amino acids coordinated making 
these complexes more attractive, presenting antitumor 
potential by combination of different mechanisms of 
action inducing apoptosis with caspase activation and 
DNA damage (Figure 11).

Conclusion

In summary, the [Ru(l-Met)(bipy)(dppb)]PF6 (1) and 
[Ru(l-Trp)(bipy)(dppb)]PF6 (2) complexes demonstrated 
to be effective for peritoneal carcinomatosis treatment, 
and show high antitumor activity, with increased MST 
and ILS. Treatments with these complexes do not induce 
behavioral changes or signs of toxicity. These complexes 
are effective and safe, with fewer side effects than cispl-
atin. They induce apoptosis by combination of different 
mechanism of action, causing increased number of 
Annexin V positive cells, cleaved caspase-3, and of the 
sub-G1 peak in the cell cycle. In addition, the co-treat-
ment of these complexes with EAC cells inhibited the 
angiogenesis in CAM model, leading to reduction of the 
glucose consumption post treatment. Moreover, it was 
observed that the sensitivity of EAC cells to the com-
plexes decreases when the LAT1 is inhibited. The results 
of this study can support chronic study in vivo and clinical 
treatment.
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