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ABSTRACT 

 

Breast adenocarcinomas are the most frequent malignant tumor (about 25% of cases), and its 

malignant outcome causes about 15% of all deaths of women with cancer. The production of 

nitric oxide (NO) by isoforms of nitric oxide synthases (NOS’s) are related to increased 

malignancy and stimuli to metastatic progression of breast adenocarcinomas, but its presence 

in irradiated cells can lead to higher frequencies of DNA damage. The work used 

aminoguanidine, an inhibitor of isoform 2 of NOS (NOS2) to treat human breast cancer cells 

(MCF7) in non-toxic concentrations (1 and 2mM) before exposure to gamma irradiation 

(60Co) to assess if reduction of intracellular NO can protect from, or induce radio induced cell 

damage, cell cycle disruption or death. Cells were treated and irradiated at 0, 0.5, 1, 2, 4 or 

8Gy. Administration of aminoguanidine arrested the cell cycle in the synthesis (S) phase, 

altering the DNA repair capacity of cells. The higher concentration (2mM) led to less 

genotoxic damage (about 50%) in cells irradiated at 8Gy as observed using micronucleus 

scoring by flow-cytometry. Alternatively, 1mM of aminoguanidine increased genotoxic 

damage and induced a less significant increase of S-phase cells. Despite the findings, no 

significant alterations in cell proliferation rates were observed. Findings showed that 

aminoguanidine can modulate radio-induced effects on cells.  

 

1. INTRODUCTION 

 

The breast cancer is the most usual malignant tumor [1]. The connection between genetic 

susceptibility and the risk factors are the most significant factor of tumor growth induction 

[2]. Therapies against breast cancer can include surgery, chemotherapy, radiotherapy and 

hormone-based treatments [3]. The development of drug-resistance is the principal factor that 

can result in failure of chemotherapy [1]. Due to this, it is important to improve the current 

tools of diagnostic and treatments, and to find new treatments [4]. The metastatic potential of 

growth tumors depends on the escape of tumor cells from immune responses, migration 

through endothelium, cell survival and growth in target tissue [5]. The inflammation is an 

important component in the beginning of the cancer development. Relative fast cell growth 

results in internal hypoxia and suppression of nutrients in inner its regions [6].  
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Nitric oxide (NO) is a bioactive powerful molecule produced from nitric oxide synthase 

enzymes (NOS’s) and it’s present in several physiologic and pathologic mechanisms, like 

vasodilation and inflammation [5]. Increasing of NO amounts were found in blood of patients 

with breast cancer and when it’s compared with a normal breast tissue or benign breast tissue, 

a higher activity of NOS was found in invasive breast tumors. The NO increases tumor blood 

flow and stimulate the angiogenesis, explaining the positive interaction between NO 

biosynthesis and a high-grade malignancy [4] 

 

The NOS activation is involved in responses found in cells exposed to chemical agents or 

ionizing radiation [7]. After the exposure to ionizing radiation, high frequencies of DNA 

damage leading to cell death in large extensions of tissue can lead to liberation of 

inflammatory cytokines, that stimulate the NO generation through redox system [8]. 

 

The NO affinity with the superoxide anionic radical (O2
-) results in high levels of 

peroxynitrite (ONOO−) formation [9]. Therefore, the capacity of NO toxicity is to combine 

with superoxide anions to form peroxynitrite, a free oxidant radical that can induce DNA 

fragmentation and lipid oxidation [7]. The ONOO− is a powerful nitrosating molecule. The 

cleavage of DNA caused by ONOO− was observed in almost every nucleotide. ONOO− was 

also reported as an inactivator of some DNA-repair enzymes. These observations suggest 

additional ways in which ONOO− can be associated not just to high frequencies of DNA 

damage, but also to the capacity to impair DNA repair [9].  

 

The aminoguanidine is a selective inhibitor of nitric oxide synthase 2 (NOS2), which has a 

cytoprotective effect due to its antioxidant proprieties in vitro and in vivo. NOS2 also has 

many biologic effects with non-toxic function [10,11], such inhibition of the formation of 

reactive oxygen species (ROS), the lipid peroxidation and the induced apoptosis from 

oxidants [11,13]. The aminoguanidine was used in MCF7 cultures to observe the cytotoxic, 

alterations in clonogenic potential and genotoxic, in experimental situations that reported 

production alterations in NO [12].  

 

This work studied the effect of aminoguanidine in irradiated MCF-7 cells, to observe a 

possible molecular mechanism involved in NOS inhibition and cellular repair from 

aminoguanidine activity.  

 

2. MATERIAL AND METHODS 

2.1. Cell culture and treatment 

 

MCF7 cells (ATCC, Manassas, VA) were maintained in RPMI-1640 medium (Gibco / BRL, 

Grand Island, NY) with 10% fetal bovine serum (GIBCO-Estados Unidos) and mixture of 

antibiotics (1% penicillin / streptomycin, (GIBCO, Grand Insland, NY) under controlled 

atmosphere (37 ºC, 5% CO2).  

 

2.2. Aminoguanidine 
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Aminoguanidine (hydrochloride) (Sigma-Aldrich, CAS 1937-19-5) was diluted in RPMI 

1640 medium in concentrations in 1mM e 2mM just prior to administration to cell cultures. 

Solutions were filter sterilized (0.22µm) 

 

2.3. Irradiation 

The cells were detached from culture flasks using trypsine (0,25%) solution. Cells from non-

treated (control) cultures, as from cultures treated with 1 or 2mM of aminoguanidine were 

washed with sterile phosphate-saline buffered solution (PBS), and irradiated as suspensions 

in 2mL of PBS in sealed conical tubes (15mL). 

 

The irradiations were made in a Cobalt-60 source (Gamma Cell 220, Canadian Atomic 

Energy Commission, Ltd) at The Center of Radiation Technologies – IPEN. The irradiation 

doses used was 0; 0,5; 1; 2; 4; 8Gy. A metallic lead attenuator was used corresponding 90% 

the attenuation. Through this shield, dose rate was not superior to 85Gy/h. 

 

2.4. Genotoxicity – Micronucleus scoring by flow cytometry 

 

Genotoxicity was assessed using a method described elsewhere [14]. Cells were treated and 

irradiated as above. After irradiation, the suspensions were centrifuged and the viable cell 

fractions were determined by the method of dye exclusion using trypan blue. The 

concentrations were adjusted to 50 0000 cells/mL per suspension, and 100 µL (5000 cells) 

were plated per well in 96-well plates in quadruplicates. After seeding, cells were incubated 

72 hours with the same conditions written above.  

 

Mitomycin (4µg/ML) and Colchicine (8µg/mL) were used as positive controls. A solution 

NaCl 0.9% was used (5µL/well) as negative control.  

 

After 72 hours in cell culture, the cells were centrifuged in plates (1500 RPM in 10 minutes), 

and received a solution containing the fluorescent dye ethidium bromide monoazide (EMA, 

Thermo-Fisher Scientific, E1374) in 8,5 μg/mL concentration diluted in PBS supplemented 

with 2% fetal bovine serum. In this phase of the experiment, EMA can penetrate only through 

membranes of non-viable cells. Plates were opened and exposed for 30 minutes to a blue 

LED source (440-450nm, 30W) on ice bath to photoactivation, which associates the 

colouring agent in irreversible way to DNA from unviable cells. The objective of this 

procedure was to label dead the cells for further exclusion form micronucleus scoring, in 

addition to providing some measurement of cytotoxicity. After this step, the cells received 

PBS with 2% fetal bovine serum to remove the free dye. 

 

A two-step lysis was performed to release nucleus and micronucleus from cells and to label 

DNA of them. The fist step lysis the cells was done in solution with sodium chroride (0,854 

mg/mL), sodium citrate, (1 mg/mL), IGEPAL® (0,3 µg/mL), and 0,4 µM of green fluorescent 

colouring agent SYTOX® Green (Thermo-Fisher Scientific, S7020). This solution also had 

RNAse A (Sigma-Aldrich, CAS 9001-99-4), which eliminates RNA and thus the coupling of 

dye to residual RNA molecules. After lysis for 60 minutes (37°C), the plates were centrifuged 

and the biologic material received the second lysis solution (sucrose 85,6 mg/mL, citric acid 

15 mg/mL and SYTOX® Green 0,4 µM). The second lysis solution was supplemented with 

latex beads (AccuCheck Counting Beads, Thermo-Fisher Scientific, PBC100). After 

incubation for 30 minutes in room temperature, evets were collected in a flow cytometer 
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(Accuri C6, BD Biosciences) at the Radiobiology Laboratory of the Center of Biotechnology 

(IPEN/CNEN-SP).  

 

 

The test followed the methodology described at literature [14]. Briefly, the events marked 

with EMA were excluded from final counts. The events with SYTOX were assessed in 

accordance with its size (FSC) and fluorescence (FL1) to discrimination between nucleus and 

micronucleus. In each sample at least 20000 events were counted in nucleus area. Results 

were expressed in micronucleus amounts (negative EMA and positive SYTOX), in relation 

with the control and the comparation with the control wells (not irradiated cells, untreated). 

Nuclear-to-bead ratios were used to analyse changes in cell proliferation rates.  

 
 

2.5. Cell Cycle 

 

Prior to irradiation, cells were synchronized through serum starvation to arrest cells in G0/G1 

phase. After 24h, the cells were treated with aminoguanidine diluted in normal (serum-

supplemented) media (1mM and 2 mM). The cells were maintained in this way for more 24h. 

In the third day the cells were trypsinized and the cellular suspension transferred to conical 

tubes with PBS without EDTA and irradiated.  

 

After irradiation, cells were plated in 6-well plates (106 viable cells/well) and let to growth 

for additional 24h, and the were trypsinized, suspended in PBS and slowly pipeted in 15mL 

conical tubes containing 5mL of 70% EtOH (-20ºC). After gentle agitation, suspensions were 

kept at -20ºC for no more than 1 week until analysis for fixation.  

 

For analysis of DNA content, fixed cells were centrifuged and resuspended in a solution 

containing PBS, fetal bovine serum (1%), Triton X-100 (0.1%), RNAse A (200µg/mL) and 

7AAD (50ng/µL), followed to incubation (37ºC) for 30 minutes in dark. The solution 

permeabilized cells, allowing 7AAD association to DNA and eliminated RNA.  

 

Flow cytometry analysis using the Accuri C6 acquired at least 105 relevant events in FL3. 

Analysis of DNA content of events allowed to discriminations between cell populations at 

G0/G1, S or G2/M phases.  

 

2.6. Statistical Analysis 

 

Results from micronucleus analysis were expressed as fold-ratios of controls. Groups were 

compared with one-way ANOVA and Bonferroni post-test.  

 

3. RESULTS E DISCUSSION 

 

3.1. Micronucleus assay for cytometry flow 

 

Micronucleus frequencies of MCF7 cells treated with 1mM aminoguanidine and irradiated 

with doses between 0,5 and 8 Gy are shown in Figure 1.  
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Figure 1: Micronucleus frequency of MCF7 cells treated with 1mM of aminoguanidine (MTMC): positive 

control, Mitomycin. (COLCH): positive control, Colchicin. (NaCl): negative control, Sodium Chloride.  

(*) = p < 0.05; (****) =p < 0.0001. 

 

A dose of at least of 2Gy was required to induce significant increase of the micronucleus 

frequencies in cells treated with 1mM of aminoguanidine.  

 

Micronucleus frequencies of MCF7 cells treated with 2mM aminoguanidine and irradiated 

with doses between 0,5 and 8 Gy are shown in Figure 2.  

 

 

 

Figure 2: Micronucleus frequency of MCF7 cells treated with 2mM of aminoguanidine (MTMC): positive 

control, Mitomycin. (COLCH): positive control, Colchicin. (NaCl): negative control, Sodium Chloride. 

(***) = p <0.001; (****) = p <0.0001 

 

In this case, even a 1Gy dose induced increase of micronucleus frequency.  

 

1653



INAC 2019, Santos, SP, Brazil. 

 

The latex beads quantities in wells were analysed. Its amount among wells not varied too 

much (1054±40,48, median ± standard error of mean, data not shown). Therefore, it was 

possible to calculate the relation between amount of nuclei and beads in each sample. 

Variations on this ratio comparing to controls were interpreted as representative of changes in 

cell mitotic rate.  

 

Effects of 1mM of aminoguanidine in cultures are shown in Figure 3.  

 

 

 

Figure 3: Nuclei-to-bead ratios of MCF7 cells treated with 1mM of aminoguanidine. (MTMC): positive 

control, Mitomycin. (COLCH): positive control, Colchicine. (NaCl): negative control, Sodium Chloride. 

(**) = p < 0.01; (****) = p < 0.0001. 

 

For cultures treated with 1mM of aminoguanidine, at least 0.5Gy was required to reduce cell 

proliferation rates.  

 

Effects of 2mM of aminoguanidine in cultures are shown in Figure 4.  
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Figure 4: Nuclei-to-bead ratios of MCF7 cells treated with 2mM of aminoguanidine. (MTMC): positive 

control, Mitomycin. (COLCH): positive control, Colchicine. (NaCl): negative control, Sodium Chloride. 

(**)=p < 0.01, (***)=p<0.001 and (****)=p<0.0001. 

 

It was required at least 1Gy to significantly reduce cell proliferation rate in MCF7 cells 

treated with 2mM of aminoguanidine.  

 

The MN assay has been frequently used to evaluate the genotoxicity since 1970. The 

micronucleus frequency depends on the chromosomic rupture rate, about the damage and the 

frequency of cellular division. The micronuclei are present in almost every dividing cells. The 

amounts of genetic alterations and epigenetics in protooncogenes and suppressor genes of 

tumor developing an important role in neoplasia. The hypermetilation occurs in genes 

promoter regions which involves the development, suppressor tumor gene, DNA repair genes, 

cell cycle control genes, in other words, when this critic elements were deregulates, it 

corroborates with a tumor development or tumor progression. In addition, the 

hypomethylation of repetitive sequences from DNA can contribute a chromosomic instability. 

[20] 

 

The excessive production of free radicals (for example, ROS/ RNS) induce severe damage to 

DNA, and additionally, this NO toxic effect can increase with the reaction of superoxide 

radical, that results in anion formation of the peroxynitrite highly reactive (ONOO-). [21] 

 

There was a reduction of proliferation in positive controls. In 1mM-treated cultures, doses as 

low 0.5 Gy reduced proliferation. In 2Gy, also had the same reduction in proliferation 

positive controls, but the minimum dose to reduce cell proliferation was found to be 1 Gy.  

 

Similar work [12] along with other studies [15–17] showed that aminoguanidine has a effect 

to arrest cell cycle in G2/M phases. The irradiation can stop the cell cycle in S and G2 phase, 

which turns the DNA and the cells more sensitive to clastogenic effects. 

 

3.2 Cell cycle analysis 
 

Distribution of cell cycle phases (G0/G1, S and G2/M) in cultures are shown in Figure 5.  

 

 

 

Figure 5: Distribution of cell cycle phases found in non-treated (A), and treated with 1 (B) or 2mMM (C) 

of aminoguanidine.  
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Treatment with 2mM reduced G0/G1 populations, and increased S and G2/M. During the S 

phase, there is a DNA duplication and during the M (metaphasis) there is segregation of every 

cellular compounds between daughter cells.  

 

The proliferation of malignant cells become self-sustainable and able to doubling indefinitely. 

Cancer cells doesn’t respond to external signals which controls the transition G1/S, and 

because of it, the cells remain cycling [18]. The exit from cell cycle facilitates the maturation 

and differentiation, and these mechanisms also are prejudicated during tumorigenesis. If some 

problem is detected in G1/S phase, there is activation of p53 protein, in order to repair DNA 

errors, allowing that the proliferation cells occurs in ideal conditions. The literature suggests 

that p53 protein is expressed in damage/stress damage suffered for DNA, involving several 

ways to cell repair [19]. 

 

In the present study, the MCF-7 cells treated with 1mM aminoguanidine exhibited an increase 

in the cells proportion in S phase. In the stress genotoxic proteins are activated which have 

relation with the break double strand of DNA, the same proteins are expressed in some S and 

G2 phases at cell cycle. But the activity of this protein is the most important near the G1/S 

transition. 

 

The 60Co gamma radiation has the possibility to cause damage/stress to MCF-7 cells because 

of high energy and high penetration capacity. In these conditions, it has an increased 

probability to raise p53 to the promoter p21 which induces the cell cycle stop and MCF-7 

cells apoptosis. The aminoguanidine combination with radiation can promote an inhibitory 

effect in cellular proliferation through the p21 active mechanism.  

 

4. CONCLUSIONS  

 

Inhibition of nitric oxide production can be an important adjuvant to radiotherapy against 

breast cancer.  

Aminoguanidine, when used in 2mM, can reduce the minimum radiation doses required to 

induce genotoxic damage (1Gy) or reduction of cell proliferation rate (0.5Gy), probably 

because this concentration also led to a cell cycle arrest in G2/M, which are more sensitive to 

radiation than S or G0/G1 phases.  
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