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ABSTRACT 

 
Metal compounds have shown many biological activities and have been successfully used as anticancer agents 

such cisplatin. Actually gadolinium (Gd) complexed with a porphyrin Motexafin (MGd) has been investigated 

as redox-active compound for treatment of cancer. 
159

Gd decays by beta emission with an energy of 970 keV 

and half-life of 18.59 hours. The de-excitation can be via gamma ray and internal conversion electron emission 

followed by auger electrons and x rays.  Considering all of this 
159

Gd could be a interesting radionuclide to be as 

a radiotherapeutical agent. The aims of this works were to evaluate the cytotoxicity of Gd and 
159

Gd on 

malignant brain tumors such as glioblatoma multiform, the most frequent brain tumors which has a very poor 

prognosis. For this purpose, it was used human glioblastoma cell lines T98 (mutant p53) and U87 (wild-type 

p53) to investigate the cytotoxicity of gadolinium on cell metabolism by MTT assay and also morphological 

changes, chromatin condensation by DAPI assay and ROS generation.  Gadolinium was able to decrease cell 

viability, the cells presented morphological changes like round shapes and blebs formation after cell treatment 

with 5x10
-6

M of Gd. Nuclear changings and ROS generation occurred in a dose dependent way indicating the 

cytotoxic effect of Gd. Treatment with 
159

Gd increased all of changes observed with treatment with Gd. These 

results state for an additive effect of metal toxicity and radioactivity inducing ROS generation as the main 

mechanism of antitumoral action of 
159

Gd. The results obtained indicated that the radioactive analogues of Gd 

have increased cytotoxic effects and gadolinium can be a metal of choice for development of new drugs for 

cancer treatment. 

 

 

1. INTRODUCTION 

 

Metals are essential cellular components that play various roles in biochemical processes in 

organisms. Because of these characteristics metals are widely studied in order to form 

complexes for the treatment of pathologies such as cancer [1], and other applications in 

diagnostic medicine. 

 

Cisplatin is a metal complex that has been widely used to treat cancer. It is acts in DNA 

preventing your replication by the formation of covalent bonds. His emergence has 

revolutionized the treatment of testicular and ovarian cancer, however, has several side 

effects as nephrotoxicity, neurotoxicity and ototoxicity are the main and most severe [2]. 

 

Since the discovery that cisplatin was a good choice for the treatment of cancer the metal 

complexes have become the subject of research for development of anticancer agents. 

 

Among the studies submitted to different metals, the lanthanides are a class of metals that 

have been widely studied because they present interesting physic-chemical properties. The 
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lanthanide are also known as rare earths and belong to the group IIIB of the periodic table 

involve the atomic number of chemical elements located between 57 and 71 [3]. 

  

Among the lanthanides complexes have been widely studied porphyrins and texafirins. The 

Motexafin gadolinium (MGd) is a member of the class of porphyrin-like molecules, called 

tecafirins conplexed with the lanthanide gadolinium. Is being developed as anticancer agent 

and is in clinical trials in combination with chemotherapy regimens and / or radiotherapy. 

The reason why this complex has been studied for cancer treatment is based on two factors: 

first, porphyrins tend to concentrate selectively in cancer cells, and secondly, the complex 

induces oxidative stress leading to apoptotic death in a variety of cancers. The mechanism of 

action of MGd is related to electron affinity of the molecule, which is easily reduces [4]. 

 

Gadolinium is a transition metal present in the group of so called heavy lanthanides (Yttrium 

group) in the periodic table. There are seven stable isotopes of gadolinium-eight radioisotope 

with half-lives that reach more than one day. The most abundant stable isotope is 
158

Gd which 

has 24.84% of natural abundance [5]. 

 

Because the lanthanide gadolinium provide features like: powerful contrast agent for 

magnetic resonance imaging, high rate of incorporation into tumor tissues and high cross 

section for thermal neutrons [5], has been investigated in nuclear medicine new therapeutic 

approaches using radioisotope gadolinium for possible use  in diagnosis and treatment of 

diseases such as cancer. 

The 
159

Gd isotope can be used for radionuclide therapy, because of its half-life of 18.5 hours 

and maximum beta energy of 970keV, which is similar to others isotopes used in 

radiotherapy. The 
159

Gd decays by beta emission to form the nucleus son Terbium-159 which 

has an excited nuclear state which subsequently emits conversion electrons and gamma rays 

up to 363keV energy. Both energies are able to deposit in surrounding tissues. Auger 

electrons and x-rays are also issued after conversion electrons emission [5]. 

 

In this study we investigate the cytotoxicity of Gd and 
159

Gd on malignant brain tumors such 

as glioblatoma multiform, the most frequent brain tumors which has a very poor prognosis. 

Most patients with glioblastoma multiform die one year after diagnosis and this fact makes 

the need for new therapeutic approaches [6]. 

 

 

2. MATERIALS AND METHODS 

 

2.1 Experimental models 

 

To evaluate the cytotoxicity of gadolinium it was used two lines of tumor cells the human 

glioblastoma multiforme cells T98 (p53 mutant) and U87 (p53 wild-type), acquired from 

ATCC (American Type Culture Collection).  

Glioblastoma cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM- 

Gibco), supplemented with 10% fetal bovine serum and antibiotics (50 U mL−1 penicillin/50 

μM streptomycin), in a water jacketed incubator with humidified atmosphere of 5% CO2/95% 

air at 37 °C. For all experiments, cells were seeded at appropriate concentrations to ensure 

exponential growth. 

 

2.2 Production of 
159

Gd 
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The acquisition of radioactive gadolinium was performed by neutron activation analysis, 

using the nitrate salt of gadolinium hexa hydrate (GdN3O9.6H2O) molecular weight 451.36 g 

which was acquired by Sigma-Aldrich Brazil Ltda. A sample of 0.451 g of gadolinium nitrate 

was irradiated for 8 hours in rotary table reactor TRIGA IPR-R1 MARK1 belonging to 

CDTN that has 100Kw of power. The neutron flux in the rotary table for thermal neutrons is 

8.2 x 10
11

 n.cm
-2

. s
-1

 and epithermal neutrons is 3.5 x 10
10

 n.cm
-2

. s
-1

 [7]. 

 

Confirming the attainment of radioactive gadolinium was performed by gamma spectroscopy 

on a system equipped with ultra pure germanium detector (HPGe) and software Gennie 

CANBERRA 5019 CANBERRA 2000 v2.0, proceeded after neutron activation can be 

observed where the energies of the characteristic peaks gadolinium. 

 

2.3 Cell viability analysis of tumor cells 

 

The viability of cultured cells was determined by assaying the reduction of MTT [3-[4,5-

dimethylthazol-2-yl]-2,5-diphenyl tetrazolium-Bromide] to formazan as described by 

Mosmann [8]. Glioblastoma cell lines were plated in a 96-well plate, 1500 cells/well in a 

final volume of 100µl.  Cultures were treated for 48 h under increasing concentrations of 

radioactive (
159

Gd) and non-radioactive gadolinium. After indicated treatment, cells were 

incubated for 4 h at 37ºC in DMEM containing 0,5mg/mL of MTT. The determination of 

absorbance ate 570nm of the formed product is a measure of metabolic cell viability. The 

experiments were performed in quadruplicates. The IC50 value (concentration of compound 

that produced 50% cell death) was determined graphically using the program Graphpad 

Prism. 

 

2.4 Morphological changes of tumor cells 

 

Morphological analysis was done by optical microscopy using Nikon Inverted Optical 

Microscope. These evaluations were done in conjunction with viability test, where the 

cultures were photographed to record possible changes in cell morphology and the images 

were acquired with Nikon Coolpix 4500 Digital Camera using phase contrast. 
 

2.5 Chromatin condensation in tumor cells 

 

To evaluate chromosome condensation, 4`,6`-diamidino-2-phenylindole (DAPI) staining was 

also performed [9]. DAPI solution was applied to treated and control cells in a microplate 

culture dishes. Cells was treated with Gd and 
159

Gd for 24 h. Cells were fixed with methanol, 

rinsed with PBS, stained with DAPI and observed using fluorescence microscopy (Nikon) 

under UV illumination. 

 

2.6 Measurement of reactive oxygen species accumulation in tumor cells. 

 

ROS accumulation in the cell was detected using dichlorodihydrofluorescein diacetate 

(DCFH-DA, Sigma). Cells was treated with Gd and 
159

Gd for 48 h. Next, the cells were 

incubated with DCFH-DA (50µM) for 30 min at 37ºC [10]. The molecule DCFH-DA has a 

polar group (diacetate), which facilitates penetration of the molecule through the cell 

membrane by passive diffusion. Inside the cell, the molecule undergoes deacetylation by 

intracellular esterases forming action of the diclorodihidrofluoresceina (DCFH). This 

molecule in the presence of ROS is oxidized to form diclorofluoreceína (DCF) fluorescent. 



The cells after incubation, was washed twice with PBS and observed using fluorescence 

microscopy. 

 

 

3. RESULTS AND DISCUSSION 

 

3.1 Production of 
159

Gd 

 

After irradiation, the gamma spectrum of Gd was obtained in figure 1. The characteristics 

energies of radionuclide could be observed, and the gamma emission of 363.5 keV is exactly 

the principal energy of 
159

Gd [11]. 

 

 

 

 

Figure. 1 Gamma spectrum of 
159

Gd produced by 

neutron activation of nitrate of gadolinium sample. 

 

 

 

3.2 Non radioactive and radioactive gadolinium induced cell death, morphological and 

nuclear changes and increase ROS generation in tumor cells 

 

The cytotoxicity effects of Gd and 
159

Gd against glioblastoma p53 wild-type (U87) and p53 

mutant (T98) was evaluated with MTT assay and the results are shown in Fig. 2 and 3. It was 

observed in these figures that gadolinium have an antiproliferative activity. The antitumor 

potential of Gd was assessed by obtaining the values of the concentration of compound that 

produced 50% cell death (IC50). The antitumor potential of 
159

Gd
 
is approximately 10 times 

greater than that of Gd. 
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Figure. 2 Cytotoxic effects of Gd (a) and 

159
Gd (b) 

on human glioblastoma multiforme cells T98, 

status p53 mutant. Cells were plated in 96 wells at 

a density of 1500 cells / well and incubated with 

different concentrations of Gd and 
159

Gd at 37 ° for 

48 hours. The survival rate was measured by MTT. 

The value of IC50 of Gd was 2.8 mM(±1.62) and for 
159

 Gd was 0.31 mM (±1.64) (0.035nSv). 

 

 

 
 

Figure. 3 Cytotoxic effects of Gd (a) and 
159

Gd (b) 

on human glioblastoma multiforme cells U87, 

status p53 wild-type. Cells were plated in 96 wells 

at a density of 1500 cells / well and incubated with 

different concentrations of Gd and 
159

Gd at 37 ° for 

48 hours. The survival rate was measured by MTT. 

The value of IC50 of Gd was 1.58 mM (±1.2) and for 
159

Gd was 0.32 mM (±1.64) (0.036nSv). 

 

 

 

The morphological analysis of tumor cells showed in Figures 4.A to 7.A  revealed changes in 

the membrane, cell shrinkage, presented round shapes and blebs formation, characteristic of 

the mechanism of programmed cell death. 

 



These results corroborate the results obtained through evaluation of nuclear changes by DAPI 

staining. It was possible to observe in Figures 4.B to 7.B chromatin condensation, cellular 

fragmentation and formation of apoptotic bodies. 

 

Furthermore, it was observed that both tumor cell lines showed ROS generation dose-

dependently after 48h treatment with
159

Gd and Gd. This result is shown in Figures 4.C to 7.C.  

 

The lines T98 and U87 presented morphological and nuclear changes and ROS generation. In 

neuron cells, gadolinium induces cell death by inducing oxidative stress [10]. 

 

In the results presented in this study there was no significant difference between the two 

lineages tested. The T98 line has mutant p53 status, while the U87 line has wild-type p53 

status. This suggests that the cytotoxic activity of gadolinium is independent of p53 status of 

cells [12].  

 

The antitumor potential of 
159

Gd showed approximately 10 times greater than that of Gd. 

Under various conditions, gadolinium atoms emit auger electron, which compete with the 

emission of x-ray. This cascade of Auger electrons have very little power, typically less than 

a few nanometers, but exhibit high ability to kill cells when incorporated into the DNA. 

Gamma rays, conversion electrons and x-rays are also emitted, increasing the dose to tissues 

not targeted. The β decay of 
159

Gd has low emission auger electron due to a 23% probability 

of emission of internal conversion electrons. The emission of internal conversion electrons of 

gadolinium is low in number but high in energy. The frequency and energy of the cascade of 

Auger electrons of gadolinium are the same order of magnitude of other radionuclides used in 

medicine [5]. According to literature, gadolinium has accumulation in the cell nucleus [13]. 

This suggests that the 
159

Gd may have been incorporated into the DNA, so its decay was all 

able to significantly increase the cytotoxic effects caused by gadolinium. Moreover, the 
159

Gd 

has potential for use in therapy but also for use in diagnostic imaging, since it has decay 

characteristics suitable for use in imaging and therapeutic studies [14].  
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Figure. 4 Photomicrography of malignant 

glioblastoma cells T98, mutant p53 status treated in 

the control condition (1), 5μM (2), 0.25 mM (3) and 

1 mM (4) of Gd displaying morphological changes 

(A), nuclear changes (B) and ROS production dose-

dependent (C). After the treatment described in 

materials and methods, the compound induced 

rounding cells, cell shrinkage and disruption of 

organelles indicative of apoptosis. 

 

 

 

 

 



 

Figure. 5 Photomicrography of malignant 

glioblastoma cells U87, p53 wild-type status  

treated in the control condition (1), 5μM (2), 0.25 

mM (3) and 1 mM (4) of Gd displaying 

morphological changes (A), nuclear changes (B) 

and ROS production dose-dependent (C). After the 

treatment described in materials and methods, the 

compound induced rounding cells, cell shrinkage 

and disruption of organelles indicative of apoptosis. 
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Figure. 6 Photomicrography of malignant 

glioblastoma cells T98, mutant p53 status treated in 

the control condition (1), 5μM (0.028 pSv) (2), 0.25 

mM (1.42 pSv) (3) and 1 mM  (5.68 pSv)(4) of 
159

Gd 

displaying morphological changes (A), nuclear 

changes (B) and ROS production dose-dependent 

(C). After the treatment described in materials and 

methods, the compound induced rounding cells, 

cell shrinkage and disruption of organelles 

indicative of apoptosis. 

 

 

 

 

 

 

 

 



 

 

Figure. 7 Photomicrography of malignant 

glioblastoma cells U87, p53 status wild-type treated 

in the control condition (1), 5μM (0.028 pSv) (2), 

0.25 mM (1.42 pSv) (3) and 1 mM (5.68 pSv) (4) of 
159

Gd displaying morphological changes (A), 

nuclear changes (B) and ROS production dose-

dependent (C). After the treatment described in 

materials and methods, the compound induced 

rounding cells, cell shrinkage and disruption of 

organelles indicative of apoptosis. 
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4. CONCLUSION 

 

The results of this study lead us to conclude that gadolinium has a cytotoxic role which 

contributes to its antitumor potential in cells of human glioblastoma multiforme 

independently of p53 status. The neutron activation of gadolinium nitrate under the 

conditions used in this study produced the radionuclide of interest 
159

Gd. This radionuclide 

showed higher antitumor effect than the gadolinium, indicating that the presence of radiation 

had an addictive cytotoxic effect at a dose as low as 0.035 nSv. In addition, 
159

Gd decay has 

characteristics suitable for use in diagnostic imaging. Considering the poor prognosis of 

glioblastoma patients and the resistance of these tumors to conventional therapies, the results 

presented here are very encouraging and suggest that further studies should be performed to 

validate the use of 
159

Gd to improve the prognosis of these patients. 
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