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17 Cytotoxicity Studies on HaCaT Cell Line 
 

The present section reports the CFE experiments carried out on the HaCaT cell 

line, an in vitro model of immortalised human keratinocytes cells (Section 5). 

(NH4)2PtCl6, (NH4)2PdCl6 and (NH4)3RhCl6 (Section 17.1) as well as NaAsO2, 

Na2HAsO4·7H2O and (CH3)3AsCH2COO- (Section 17.2) were tested for studying the 

corresponding dose-effect relationships. 

 

 

17.1 Platinum, Palladium and Rhodium Compounds 
 

Table 17.I shows the results obtained after 24- and 72-hour exposure of HaCaT 

cells to (NH4)2PtCl6, (NH4)2PdCl6, (NH4)3RhCl6 (concentrations ranging from 1 µM to 

100 µM). 

 

 

 

Table 17.I: Cytotoxicity of Pt-, Pd- and Rh-compounds 

 in HaCaT cells 

CFE 
Metal compound Concentration 

(µM) 24 h 72 h 

(NH4)2PtCl6 Control 100 100 

 1 79.6 ± 2.4 80.3 ± 2.3 

 10 50.4 ± 3.9 70.0 ± 4.1 

 100 0.7 ± 0.2 0 

(NH4)2PdCl6    

 1 101.0 ± 6.1 99.3 ± 3.8 

 10 90.0 ± 3.7 96.5 ± 6.6 

 100 85.3 ± 4.4 88.4 ± 5.1 

(NH4)3RhCl6    

 1 89.0 ± 5.5 95.5 ± 3.7 

 10 71.4 ± 3.5 76.2 ± 2.7 

 100 47.1 ± 2.3 45.7 ± 2.5 
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The stronger cytotoxicity of Pt(IV) in comparison to the effects of Pd(IV) and 

Rh(III) was confirmed at equimolar concentration of 10 µM both after 24- and 72-hour 

exposure. The IC50 value (after 72 h) for Pt(IV) was 30 µM, whereas the corresponding 

values for the other salts were 100 µM for Rh(III) and higher than 100 µM for Pd(IV). 

 

 

17.2 Inorganic and Organoarsenic Compounds 
 

A CFE experiment was carried out on the HaCaT cells in order to estimate the 

cytotoxic effect induced after 72-hour exposure to a wide range of concentrations of 

inorganic NaAsO2 and Na2HAsO4·7H2O as well as organic (CH3)3AsCH2COO- arsenic 

species (Figure 17.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17.1 shows the dose-dependent inhibition of the colony formation in the 

HaCaT cells exposed to NaAsO2 and Na2HAsO4·7H2O and As-betaine for 72 hours.  

As(III) was more toxic than As(V), showing IC50 values at 0.5 µM and 5 µM, 

respectively, while no significant cytotoxic effect was detected after exposure to As-

betaine at the concentrations ranging from 0.1 µM to 1000 µM. Values of CFE obtained 

with this organic compound were always higher than 90% of controls. 

Figure 17.1: Cytotoxicity of inorganic and organoarsenic compounds in HaCaT cells 
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18 Optimisation of Syrian Hamster Embryo Cell Line 
 

The results described in the following section concern the primary rodent finite 

life span cell line (Syrian Hamster Embryo or SHE cells) (Section 6). The study was 

mainly focused on the optimisation and standardisation of the best culture conditions in 

order to assess the cytotoxicity of selected metal compounds for subsequent comparison 

with the Balb/3T3 cells. The optimisation study included the choice of the best 

combination of culture medium and serum (Section 18.1); the establishment of the pH 

value of culture medium (Section 18.2); the choice of the most suitable plastic type of 

culture dishes (Section 18.3). 

 

 

18.1 Culture Medium and Serum 
 

The best SHE culture maintenance was set up by checking combinations of MEM 

culture medium with foetal bovine serum of two different origins (Table 6.1). Over a 

week of culturing the medium was changed twice. The culture medium was added with 

20% of serum and its initial pH value was pH = 7.4. 

Table 18.I shows a negligible difference between the two combinations tested. 

The FBS - Canada FDA approved was chosen because of a much better transparency of 

the medium during cell maintenance. 

 

 

Table 18.I: Effect of combinations of culture medium and serum 

on SHE cell growth 

Cell growth a 
(nº cells/dish) 

MEM + FBS-Canada 

FDA approved 

3.5 x 106 

MEM + FBS-EC 

approved 

3.4 x 106 

a: culture dishes: 100 x 20mm. Average of 3 experiments. (RDS < 10%). 
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18.2 pH of Culture Medium 
 

As suggested in the LeBoeuf’s protocol (Kerckaert G.A. et al., 1996), a decrease 

in the pH value up to 6.7 (10% of CO2, 20% of serum) should result in a 5-10-fold 

increase in transformation frequency and in overall improvements of cell conditions. 

Therefore, two concurrent experiments were carried out in order to check eventual 

differences in cell survival when cells are grown at basic or acid pH: 

• pH = 7.4, initial value of MEM culture medium; 

• pH = 6.7, obtained by acidification of MEM culture medium with HCl. 

Table 18.II shows that under the adopted experimental conditions (10% of CO2 

and 20% of FBS) the cell viability at pH = 7.4 was 10-fold higher than the 

corresponding value at pH = 6.7. 

 

 

Table 18.II: SHE cell growth 

at basic and acid pH of culture medium 

Cell growth a               

(nº cells/dish) 

pH = 7.4 3.3 x 106 

pH = 6.7 2.9 x 105 

a: growing time: 5 days . Change of medium: twice. Culture dishes: 100 x 20mm. 

Average of 3 experiments. (RDS < 10%). 

 

 

 

 

18.3 Culture Dishes 
 

A successful performance of the CFE test is often depending on the substrate (e.g. 

type of plastic) to which cells adhere. Therefore, CFE experiments (Figure 6.1) were 

carried out seeding SHE cells on culture dishes manufactured by two different 

companies, such FALCON and NUNC (Table 18.III). 
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Unexposed cells were grown in culture medium for 24 h and 72 h. The medium 

was supplemented with 20% of the previously selected serum (Table 18.I), the cells 

were incubated under 10% CO2 in the atmosphere, and the pH was maintained at pH = 

7.4. 

Table 18.III shows that the best cell growth was obtained when FALCON culture 

dishes, but not NUNC, were used under our experimental conditions. 

The mean of colonies/plate obtained after 24- and 72-hour exposure (51 and 47, 

respectively) was in agreement with the requirements of the assay (Kerckaert G.A. et 

al., 1996). Moreover, the dividing activity of the target cells was confirmed by the mean 

of colonies: 9 after 24-hour and 3 after 72-hour exposure. Then, since the feeder cells 

are only able to grow as a monolayer excluding any colony formation, their inactivation 

was also verified. 

 

 

Table 18.III: SHE cell growth 

on two different plastic culture dishes 

End of the experiment a (mean of colonies/plate) 
Exposure  

Culture dishes as control 

for feeder and target cells FALCON NUNC 

24 h b Feeder and target cells 51 0 

 
Only feeder cells seeded c 

No colony formation.   

Cell growth as monolayer 0 

 Only target cells seeded c 9 0 

72 h b Feeder and target cells 47 0 

 
Only feeder cells seeded c 

No colony formation.   

Cell growth as monolayer 0 

 Only target cells seeded c 3 0 

a: average of 3 experiments. b: 21 culture dishes/exposure time. c: 2 culture dishes/exposure time. 
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19 In Vitro Cellular Biotransformation and Interaction 

of Metal Compounds  

in Culture Medium and Cellular Lysate 
 

The present section reports the results obtained from High Field NMR analysis 

(Section 10) on the Balb/3T3 cell line concerning: 

a) the characterisation of the chemical and biochemical behaviour of 32 metal 

compounds in culture media; 

b) the identification of the chemical form of 4 metal species in the lysate of cells 

exposed to µM concentrations of individual compounds. 

This study was carried out in collaboration with the University of Torino and the 

Bioindustry Park of Ivrea (Italy). 

 

 

19.1 Culture Media 
 

The results concern the comparison between the NMR spectra obtained from 

culture medium containing a metal compound and the NMR signals produced by non-

treated culture medium (control), under the same experimental and technical conditions. 

Therefore, if a variation between control and treatment exists, it is analysed in order to 

understand which proton of which molecule generates this different signal. The analyses 

were carried out on four culture media (DMEM Low-Glucose, DMEM High-Glucose, 

MEM, RPMI 1640) normally used for culturing cell lines in our laboratory. Each 

sample was tested as containing or not containing the related serum (Table 10.I). The 

medium composition was taken into account for the analytical investigation. 

 

In order to exclude any variation of the signals due to either the added reagents or 

biotransformation of the culture medium, before the analysis each culture medium 

(added with the proper reagents) was monitored over different periods of time (1 and 12 

hours; 3, 5 and 8 days) both in absence and in presence of serum.  

The spectra obtained showed that no variation of the NMR signals related to the 

four culture media tested was found over the monitored periods of time. Therefore, no 
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degradation of the medium occured (Figure 19.1). 

 

 

Figure 19.1: NMR spectra of culture media a: 

a) after 1 h and 8 days, DMEM Low-Glucose, serum free; 

b) after 1 h and 5 days, MEM, serum free 

 

After 8 days 

After 1 hour 
a) 

a: arrows indicate a continuation of the spectra that were split only for graphical representation problems 
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                                              Figure 19.1: continued 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Once the compositions as well as the NMR spectra of non-treated culture media 

were known, it was possible to identify all NMR signals of each sample in order to 

proceed with the comparison of the spectra between control and treated culture media. 

Table 19.I reports 32 metal compounds selected on the basis of previously 

reported cytotoxicity studies (Section 13). They were tested in the four selected culture 

media with and without serum. 

After 5 days

After 1 hourb) 
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Identical results were detected when an individual treated culture medium was 

analysed in presence and in absence of the corresponding serum. 

Furthermore, before performing the analysis, it was taken care to verify that the 

pH of each solution was similar to the value of the corresponding non-treated culture 

medium. This similarity was confirmed for all culture media tested (data not shown). 

 
 

Table 19.I: Effect of the addition of metal compounds a 

to Low- or High-Glucose DMEM, MEM and RPMI 1640 b on NMR signals 

Effect  

None Loss of the His signal Loss of the His         
and Tyr signals 

Enlargement           
of the spectrum 

NaAsO2 CoCl2⋅6H2O AuCl3 CoCl2⋅6H2O 

(CH3)2AsNaO2·3H2O  MnSO4⋅5H2O CuSO4⋅5H2O Cr(NO3)3⋅9H2O 

(CH3)3AsCH2COO-       NiCl2  CuSO4⋅5H2O 

Bi(NO3)3⋅5H2O (NH4)2PtCl6  NiCl2 

CdCl2⋅H2O (NH4)2PtCl4   

CdMoO4 PtCl4   

Na2CrO4⋅4H2O PtCl2   

Ga(NO3)3⋅6H2O cis-Pt   

HgCl2    

CH3HgCl    

(NH4)2IrCl6    

(NH4)3IrCl6·H2O    

K2MoO4    

carbo-Pt    

K2TeO3⋅H2O    

K2TiO3    

(C5H5)2TiCl2    

(NH4)2[TiO(C2O4)2]⋅H2O     

NaVO3⋅H2O    

(C5H5)2VCl2    

K2WO4    

a: As-, Cr- and Pt-compounds, CdCl2⋅H2O and NaVO3⋅H2O were analysed at 5 mM. AuCl3, cis-Pt and NiCl2 were tested at 1 mM. 
The other metal compounds were tested at 100 µM.  b: each culture medium was analysed with and without serum. 
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The results showed no variations of the signals detected in the NMR spectra of the 

culture media treated with 21 metal compounds (first column of Table 19.I) that were 

considered “inert” in relation to interactions with components of culture medium. 

However, in the case of (C5H5)2TiCl2 a gradual, but not complete, loss of the signals 

corresponding to the protons of the two cyclopentadienilic rings was detected. Only in 

the RPMI 1640 culture medium the signals were totally lost. It is inferred that the loss 

of these specific signals for the titanocene molecule corresponds to a gradual 

disappearance of the metal compound in the solution. 

As shown in Table 19.I, loss of the histidine signal for 8 metal compounds as well 

as the concurrent loss of the histidine and the tyrosine signals for AuCl3 and 

CuSO4·5H2O was detected. This is an index of: a) the formation of a precipitate; b) the 

presence of a paramagnetic species; c) the coexistence of both previous situations. In 

this context, the only exception was CoCl2·6H2O. This metal compound did not 

precipitate, however it showed paramagnetic properties so as Cr(NO3)3⋅9H2O, 

CuSO4⋅5H2O and NiCl2. These properties caused an enlargement of the detected signals 

that usually can disturb the NMR analysis. In fact, this line broadening was particularly 

intense for Cr(III), and thus no comparison between the NMR spectra of control and 

treated medium was possible (data not shown). 

Moreover, the loss of a specific signal followed a kinetic that was different for 

each metal compound. This was particularly evident for Pt-compounds, namely, cis-Pt, 

(NH4)2PtCl6, (NH4)2PtCl4, PtCl4 and PtCl2, with the only exception of carbo-Pt, which 

showed no interaction with the components of the culture media tested. As showed in 

Figure 19.2, the loss of the two peaks at 7.03 and 7.74 ppm (see arrows) identifying the 

His signal was complete after 1 hour for PtCl4, 16 hours for (NH4)2PtCl6 and 

(NH4)2PtCl4, 3 days for PtCl2, and after 5 days for cis-Pt. 
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Figure 19.2: Loss of His signal of culture media as result of addition of Pt-compounds  

 

DMEM after 1 hour 

DMEM + cis-Pt after 5 days 

MEM serum free after 1 hour 

MEM s.f. + PtCl4 after 1 hour 

MEM s.f. + (NH4)2PtCl6 after 16 hours 

MEM s.f. + (NH4)2PtCl4 after 16 hours

MEM s.f. + PtCl2 after 3 days 
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As consequence of the loss of the His signal, the presence of a white precipitate in 

each Pt solution was observed at Pt concentrations of the order of 5 mM (1 mM for cis-

Pt only). This product was supposed to be a Pt-His complex and was found insoluble in 

H2O and inorganic solvents, such acetone, methanol, acetonitrile, but soluble in 0.1% 

trifluoroacetic acid. An accurate characterisation was made applying three different 

techniques (data not shown): 

a) CP-MAS (Cross Polarisation – Magic Angle Spinning), which characterised 

the species as solid sample; 

b) TOF-MS (Time Of Flight - Mass Spectroscopy) that determined the 1:2 

stechiometric ratio for the supposed Pt-His complex; 

c) 1H-NMR that definitively confirmed not only the existence of a Pt-His 

complex but also its 1:2 stechiometric ratio. 

Recent experiments were carried out exposing 72 h the Balb/3T3 cells to 100 µM 

(NH4)2PtCl6. Interestingly, the NMR spectrum of the treated culture medium (DMEM 

Low-Glucose) after exposure to cells indicated a persistence of the two peaks for the 

His molecule (see arrows in Figure 19.3). 

 
Figure 19.3: NMR spectrum of DMEM Low-Glucose 

 after contact with cells exposed 72 h to 100 µM (NH4)2PtCl6 

 His  His 
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19.2 Cellular Lysates 
 

The results reported in this section refer to NMR analysis of cytosolic extracts 

(Section 10) of the Balb/3T3 cells exposed 72 h to: 

• NaAsO2, 1.5 µM;   • (NH4)2PtCl6, 3.7 µM; 

• Na2CrO4·4H2O, 3.6 µM;  • NaVO3·H2O, 4.7 µM. 

The concentration, at which each selected metal compound was tested, 

corresponds to the IC50 value previously reported for these species (Table 13.III). 

Before carrying out the analysis on the treated lysates (Figure 19.4), the NMR 

spectra of three controls prepared in different days (cellular lysates derived from non-

treated cells) were compared. The analysis revealed no difference among the three 

spectra and consequently it confirmed the reproducibility of the applied system (data 

not shown). 
 

 

Figure 19.4: NMR spectra of cellular lysates of Balb/3T3 cells exposed to  

a) As-, b) Cr-, c) Pt- and d) V-compounds for 72 h 

 a) NaAsO2  1.5 µM 

Control 
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Figure 19.4: Continued  

b) 
Na2CrO4·4H2O  3.6 µM 

Control 

(NH4)2PtCl6  3.7 µM

Control 

c) 
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 Figure 19.4: Continued  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compared to the control, a change in the signal at 8.58 ppm was identified for 

NaAsO2, Na2CrO4·4H2O and (NH4)2PtCl6, whereas no variation in the spectrum of 

NaVO3·H2O was detected (see arrows in Figure 19.4a-d). In the first three treatments 

this signal at 8.58 ppm appeared with a modified shape, more symmetric in comparison 

with the control (see NaAsO2, where this change is particularly evident). Furthermore, 

the ratio between the areas of the identified signal to the areas of its chemical 

environment was decreased. This confirms a decrease of the protons that generate the 

signal. Consequently, it is to suppose that after cell exposure to NaAsO2, 

Na2CrO4·4H2O and (NH4)2PtCl6 a chemical species disappears. 

Further analysis indicated that this modified signal at 8.58 ppm corresponds to the 

reduced glutathione molecule (see arrows in Figure 19.5). 

 

d) 

Control 

NaVO3·H2O  4.7 µM
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Figure 19.5: Modified signal at 8.58 ppm identified 

as the signal of  reduced glutathione  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We can suppose that two overlapped signals form the asymmetric signal at 8.58 

ppm evident in the control (Figure 19.5). After exposure to As-, Cr- and Pt-compounds, 

one of these two signals, identified as the reduced glutathione, remains unchanged in 

shape and position. On the other hand, the second signal is modified because it 

disappears in the spectrum detected after treatment. 

Control 

 
Control 

Reduced glutathione 

 
Reduced glutathione 
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DISCUSSION 
 

 

Hereafter is reported the discussion of the results achieved in the present reasearch 

in relation to the planned objectives (see page 11). 

 

♦ Check of chemical purity. A key factor in the study of the carcinogenic 

potential of metal compounds concerns their chemical purity. Elemental impurities of 

metal compounds tested (particularly those with same chemical affinity for the metal 

under study) could lead to artefacts regarding the cytotoxic and transforming response. 

Then, we must be sure about the degree of chemical purity of metal salts used in our 

experiments. 

The analysis by ICP-MS of metal impurities of the concentrated 10-2 M 

(NH4)2PtCl6 solution used in transformation assay is an example (Table 12.II). In such 

solution elemental impurities were almost present at µg/l level. At the highest Pt 

concentration tested (100 µM) impurities added into the culture medium with Pt 

solution were calculated in the order of 10-9 to 10-13 M. These amounts were judged not 

able to induce either cytotoxic effects or morphological transformation under our 

experimental conditions. Similar results have been recently obtained for other salts of 

Cd, Cr, Hg, Ir, Pt and V that gave positive transforming response in the Balb/3T3 cells 

(data not shown). 

As in the present work, studies on the carcinogenic potential of metals must be 

carried out using metal species of the best existing chemical purity (pure/ultrapure 

grade). Our findings confirm the very good chemical purity of such commercially 

available metal compounds making them suitable to avoid in vitro artefacts concerning 

the biological response. 

 

♦ Standardisation and optimisation of the Balb/3T3 assay. The transferability 

and reproducibility of test protocols among different laboratories are basic aspects for 

prevalidation/validation studies of in vitro toxicity testing (Balls M. et al., 1990). 
 

In this context, the quality check of culture media and sera was investigated on the 

basis of the cell survival, trypsinisation time, transparency of the culture media and sera 



Discussion 

 196 

tested as well as change in cell morphology. For this purpose CFE experiments were set 

up using specific combinations of the analysed reagents. The products of EURO 

CLONE and HY CLONE for culture medium and serum, respectively, were identified 

as products to ensure the best conditions of cell growth (Table 12.I). 
 

Influence of the source of cells on the performance of the assay was assessed 

using Balb/3T3 cell line from two different laboratories. These two pools were analysed 

for growth, viability and cytotoxic response in order to choose the cells with the best 

features in relation to the requirements of the assay (Table 12.IV). Quantitative 

differences were observed between the two cell pools, confirming the importance of the 

source of the cell line as a factor of variability. 
 

The pH of culture medium was considered with particular attention. Any variation 

may deeply affect cell culture conditions and ultimately cell growth and biological 

response. 

The experiment set up in order to investigate effects of the pH value of culture 

medium on cell growth showed intriguing results, particularly considering the pH 

estimate without cells (Table 12.V). Under our experimental conditions, the pH of the 

starting medium was about 7.4 – 7.5. During the working time it tended to become 7.6 – 

7.7 without changing anymore. These conditions were judged satisfactory for our 

experiments. 
 

Thawing process is a basic aspect to preserve unchanged the cellular features. 

Two different methods were compared on the basis of the best cell growth obtained 

some days after the thawing (Table 12.VI). Surprisingly, different results were obtained 

in cell survival, one procedure (standard method) giving a number of survived cells/dish 

3-fold higher than the second procedure (specific method). 
 

In order to highlight eventual differences in sensitivity in the measurements of 

endpoints, two different cytotoxicity tests, CFE and NRU, were carried out on the 

Balb/3T3 cells exposed to (NH4)2PtCl6. CFE was the method of choice (Table 12.VII). 

The higher cell viability of the NRU test compared to the CFE assay is probably due to 

the further 7-day incubation after treatment in the case of the CFE test that may allow 

the metal compound to act longer on the cellular target. 
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The intralaboratory reproducibility of the CFE test was verified and confirmed by 

estimating the mean variations of a CFE experiment carried out by four operators, 

which worked over three different days (Table 12.VIII). Although the experiments were 

performed in the same experimental conditions, the mean variations for the same 

operator were greater than those obtained for different operators. A reasonable 

explanation is that fortuitous and unforeseeable variations in cell culture conditions as 

well as in cell handling can occur from time to time. 

 

♦ Cytotoxicity and morphological transformation of metal compounds in 

Balb/3T3 cells. The strategy adopted in the present study for the determination of the 

carcinogenic potential of metal compounds in Balb/3T3 cell line involved four steps: 

i) determination of cytotoxicity at a fixed concentration of metal exposure; 

ii) setting of dose-response relationships for those compounds identified as relevant 

from step (i), in order to establish the corresponding IC50 values and suitable range of 

concentrations to be used in the third step; 

iii) determination of concurrent cytotoxicity and morphological neoplastic 

transformation of selected metal compounds from step (ii); 

iv) mechanistic studies on metal compounds identified transforming in Balb/3T3 cells. 
 

The experiments related to the first step involved the evaluation of the 

cytotoxicity of 65 metal compounds (Table 13.I). This permitted to establish a ranking 

of metal compounds as three groups according to their degree of cytotoxic response. 

The group I included 30 metal compounds (no observable or little cytotoxic effect on 

cells: CFE not lower than 80% of the control). In this group the only essential elements 

to humans that do not significantly affect CFE are selenium, as Se(IV) and Se(VI), and 

chromium, as Cr(III). 

The group II included 13 metal compounds (CFE between 80% and 30% of the 

control). The ranking of cytotoxicity expressed as elements is: Pt(II) > Br(V) > Te(VI) > 

Zn(II) > Tiorg(IV) > Be(II) > Pb(II) > Rh(III) > Ni(II) > Th(IV) > U(VI) > W(VI) > 

Sn(II). The only essential element in this group is Zn(II) that caused a CFE inhibitory 

effect of the order of 50%. 

The group III included 22 metal compounds (strong or complete CFE inhibition): 

Ag(I) = As(III) = As(V) = Bi(III) = Cd(II) = Cd(II)+Mo(VI) = Cr(VI) = Ga(III) = Hg(II) 
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= MeHg(II) = Mn(II) = Pt(IV) = Te(IV) = Vorg(V) = V(V) = V(IV) > Au(III) > Ir(IV) > 

Ir(III) > Cu(II) > Co(II). 

Essential trace metals of this group include Co(II), Cu(II) and Mn(II). In addition, 

As(III)-, Cd(II)-, Cr(VI)- and V(V)-compounds have already been proved to be strongly 

cytotoxic in the Balb/3T3 (Bertolero F. et al., et al., 1987a; Bertolero F. et al., 1987b; 

Sabbioni E. et al., 1993) and in the Syrian Hamster Embryo (SHE) cell lines (DiPaolo 

J.A. and Casto B.C., 1979; Elias Z. et al., 1989; Rivedal E. and Sanner T., 1981; 

Rivedal E. et al., 1990). The strong cytotoxic effect induced in Balb/3T3 by Ag(I), 

Au(III), Co(II), Cu(II), Hg(II), MeHg(II), Mn(II), Pt(IV) and Te(IV) represents a new 

finding (Table 13.I). 
 

Metal compounds of groups III and II were considered of “first priority” for the 

subsequent study concerning the setting of dose-effect relationships (Section 13.2). 

Moreover, an interesting finding is the dependence of the cytotoxicity on the chemical 

form of individual metals tested (As-, Br-, Cr-, Hg-, Ir-, Pt-, Te-, Ti- and V-compounds; 

Table 13.III and Figure 13.2). This suggests that the Balb/3T3 system is a valuable in 

vitro model in relation to metal speciation (Section 3.2), which is a key factor in 

assessing metal toxicity in mammals (Sabbioni E. et al., 1985). 
 

Caution, however, must be used in the interpretation of the classification of metal 

compounds in three groups on the basis of their cytotoxic response. This ranking is 

arbitrarily and perhaps it cannot be used for predicting the in vitro potential 

carcinogenic activity according to the cytotoxic effect of tested metal species. The 

classification must be intended as a rational basis of a working methodology that takes 

advantage of the Balb/3T3 sensitivity to tumour agents, and makes possible the use of 

the two-stage protocol (concurrent cytotoxicity and morphological transformation 

assay). Such protocol imposes a preliminary toxicity test based on the CFE in order to 

establish the optimal concentration levels for the transforming assay (IARC/NCI/EPA 

Working-Group, 1985). In addition, the screening study has been carried out at a 

relatively high concentration of metal exposure (100 µM). Due to the two-stage nature 

of the Balb/3T3 assay, for metal compounds giving a negative cytotoxic response at 

such concentration a subsequent transformation assay at lower concentrations would not 

make sense. Thus, it was reasonable to use the cytotoxicity data in suggesting a 

prioritisation of metal compounds to be tested for their potential transforming activity. 
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Furthermore, metal-induced cytotoxicity and transforming processes are not necessarily 

related events. This is confirmed by the cases of Ag(I), Au(III), Bi(III), Co(II), Cu(II), 

Ga(III), Hg(II), Ir(III), Mn(II), Te(IV), Vorg(V) and V(IV) that are strong cytotoxic, but 

not transforming, in the Balb/3T3 cells (group III, Table 13.I). For what it concerns 

metals classified as group I and II, preliminary experiments have shown no 

transforming activity for 13 metal compounds of group I and II, to which the Balb/3T3 

cells were exposed at concentrations from 100 µM to 1000 µM (personal 

communication). 
 

The setting of dose-effect relationships was carried out on 35 metal species  at a 

wide range of concentrations from 0.01 µM to 5000 µM, in order to establish dose-

effect curves (Section 13.2). This allowed the calculation of the 50% inhibition 

concentration (IC50) values, a key parameter for selecting the concentrations of the 

metals to be used in the third step of the study (concurrent cytotoxicity and 

morphological transformation assay). From the dose-effect curves IC50 values ranging 

from 0.32 µM for CH3HgCl to 8380 µM for KBr were derived (Tables 13.II and 13.III). 
 

Most of the metal species considered were tested in order to take into account the 

aspect of speciation. In fact, it is well recognised nowadays that humans are exposed to 

various physico-chemical forms of inorganic and organometallic species of a same 

element, which can have different metabolic pathways that can lead to different 

interactions with cells and ultimately to different toxicological effects (Sabbioni E. et 

al., 1985). Such “chemical species” (defined by IUPAC terminology as specific form of 

a chemical element defined according to its molecular, complex, electronic or nuclear 

structure; Templeton D.M. et al., 2000) can carry widely different health effects playing 

a fundamental role in setting health protection standards (Sabbioni E. et al., 1991a). 

In the present work, the derivation of IC50 values concerning metal species with 

different oxidation states, either as inorganic (cationic/anionic) or organometallic forms 

of As, Br, Cr, Hg, Ir, Pt, Te, Ti, V (Table 13.III) confirms the validity of this cellular 

model in relation to the aspect of speciation (Bertolero F. et al., 1987a; Sabbioni E. et 

al., 1987; Sabbioni E. et al., 1991b). Figure 13.2 gives graphically strong evidence of 

the influence of the oxidation state of metal species (cationic or anionic forms, Cr3+ and 

CrO4
2-, VO2+ and VO3-, or only anionic forms, AsO2- and AsO4

3-, Br-1 and BrO3-, PtCl4
2- 

and PtCl6
2-, TeO3

2- and TeO4
2-) on their cytotoxicity. 
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In addition, the results show that the inorganic or organometallic nature of an 

individual metal affects its cytotoxicity. Examples concern NaAsO2 and As-betaine, 

MMA and DMA; HgCl2 and CH3HgCl; (NH4)2[TiO(C2O4)2]⋅H2O and (C5H5)2TiCl2; 

VOSO4⋅5H2O and (C2H5)2VCl2 (Table 13.III and Figure 13.2). Some of these findings 

are in agreement with previous in vivo and/or in vitro observations. Inorganic trivalent 

and, to a less extent, pentavalent arsenic species are toxic and transforming in the 

Balb/3T3 cell line in vitro, whereas organoarsenic compounds are not toxic (Bertolero 

F. et al., 1987a; Harada M., 1995). Hexavalent soluble Cr-compounds appear 100 to 

1000-fold more cytotoxic to human fibroblasts than trivalent Cr-compounds (Katz S.A. 

and Salem H., 1993). Methylmercury, but not inorganic mercury, induces neurological 

damage in the PC12 cell line (Cocco B., 1999). Pentavanadate ions are cytotoxic and 

transforming in the Balb/3T3 mouse fibroblasts compared to tetravanadate ions that are 

much less toxic and not transforming (Sabbioni E. et al., 1991a). The study of some 

chemical forms of Br, Hg, Ir, Pt, Te, Ti and V in the Balb/3T3 cell line further enriched 

the database concerning the effect of metal speciation on the cytotoxic response. 
 

The data obtained from the cytotoxicity studies were also analysed from a 

statistical point of view. In addition to the evaluation of the reproducibility of the assay 

by the ANOVA approach, two post hoc tests, the Dunnet and the Tukey tests, were 

applied (Section 11). Using the Dunnett test, each treatment was compared to the 

control, the threshold for significance being at p<0.05, p<0.01 and p<0.001 for 

treatment concentrations. Moreover, the application of the Tukey test provided further 

evidence of the influence of metal speciation on the cytotoxic response confirming 

significant differences (p<0.01, p<0.001) between the different chemical forms of As 

(except for DMA and MMA), Br, Cr, Hg, Ir, Pt, Te, Ti and V. 
 

Other interesting considerations related to the work on the cytotoxicity in 

Balb/3T3 can be drawn from the two examples of combined mixtures of metal 

compounds (Section 13.5) as well as other two examples of different chemical species 

of Pt- and As-compounds (Sections 13.3 and 13.4). 

Concerning the study on combined mixtures of metal compounds, the cytotoxic 

potential of Pt(IV) was effectively proved to be the toxic species when tested in 

presence of Rh(III)- or Pd(IV)-compounds (Table 13.VIII), confirming the data 

obtained from individual metal species (Table 13.I). This finding suggests the need to 
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assess the health risk of platinum as “newer” potential environmental pollutant 

(Murdoch R.D. and Pepys J., 1987; Pietra R. et al., 1994). 

From the experiments on the cytotoxicity of “hard metals” (Table 13.IX, Co alone 

or in presence of Mo, Ti, W) synergistic or antagonistic effects can be excluded (cell 

survival obtained from the exposure to Co similar to that observed in combination with 

the other metals). However, when vanadium(V) was added to the mixture a dramatic 

decrease of cell viability leading to a complete growth inhibition was observed. 

This confirms that Balb/3T3 is a suitable model not only to assess the cytotoxic 

effect of individual compounds but also to study complicated aspects such as multiple 

exposures as in the case of “hard metals” (Co, Mo, Ti, V, W) (Sabbioni E. et al., 1994). 
 

Concerning the study on two groups of metals, Pt- and As-compounds, it is 

interesting to discuss the results on their cytotoxicity (Sections 13.3 and 13.4) in relation 

to the data of their carcinogenic potential (Sections 14.2 and 14.3) and metabolic studies 

(Sections 15.1 and 15.2). 

Pt-compounds. As shown in Figures 13.3-13.5 the comparison of cytotoxicity has 

regarded pairs of metal forms, namely, (NH4)2PtCl4 and (NH4)2PtCl6 (inorganic anionic 

species); PtCl2 and PtCl4 (inorganic cationic forms); cis-Pt (inorganically complexed 

ion); and carbo-Pt (organoplatinum compound). Platinum in oxidation state +4 as 

anionic form was stronger cytotoxic than the corresponding anionic form +2 (Figure 

13.3). This finding was also confirmed by the data reported in Table 13.V, with the only 

exception of Na2PtI6·6H2O. A hypothesis is that the PtI6
2- complex may have a so high 

stability in culture medium to influence its bioavailability to cells and ultimately its 

cytotoxicity. 

However, Table 13.IV indicates a still more complicated situation. The derived 

IC50 values showed a degree of cytotoxicity about 4-fold higher for Pt(II)-compounds as 

organic form (carbo-Pt), inorganically complexed ion (cis-Pt) and cationic form (PtCl2) 

compared to the anionic Pt(IV)-species. 

These findings slightly differed from the results of morphological neoplastic 

transformation studies (Table 14.II). Indeed, the derived rankings of cytotoxic (i) and 

carcinogenic potential (ii) allow the situation to be better focused: 

i)   PtCl2 ≥  cis-Pt > carbo-Pt > PtCl4 ≥  (NH4)2PtCl6 >> (NH4)2PtCl4 

ii)  cis-Pt >> carbo-Pt > PtCl2 >> PtCl4 > (NH4)2PtCl6 >> (NH4)2PtCl4 
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A comparable level of cytotoxicity and carcinogenic potential was evident for 

Pt(IV)-compounds, where the cationic form showed an effect slightly stronger than the 

anionic species. On the other hand, the cytotoxicity values of PtCl2, cis-Pt and carbo-Pt 

were similar (0.7 µM < IC50 < 1.8 µM), whereas cis-Pt was the Pt-compound showing 

the highest transformation frequency (29.1x10-4 for the comparison at 0.7 µM) (Table 

14.II). The only exception was the anionic form (NH4)2PtCl4, a Pt(II)-species that seems 

to have a low degree of toxicity and to be unable to induce carcinogenic effects under 

our experimental conditions. 

These findings show again how speciation plays a fundamental role in 

determining the biological response. 

In this context, studies on Pt-uptake from different chemical forms of platinum 

tested (Table 15.I) represent an important contribute to explain the differences of the 

cytotoxic/transforming activity. The incorporation of platinum into cells was different 

for the different species tested. Thus, the different cytotoxic response could depend on 

the different bioavailability of platinum to cells or different metabolic pathways. 

As-compounds. The results of cytotoxicity studies of this work (Table 13.I and 

Figure 13.2) are in agreement with in vivo observations. Inorganic As-compounds are 

more toxic than organoarsenic species, the trivalent being more toxic than the 

pentavalent forms (Eisler R., 1994). However, some As(V)-species, namely, NaAsF6, 

KAsF6 and LiAsF6 (Table 13.VI), did not induce any cytotoxic effect unlike 

Na2HAsO4·7H2O. We can suppose that the AsF6
- complex may have a so high stability 

in culture medium that arsenic is no bioavailable (in culture medium or in the cell) to 

exert its toxic effect. 

In this context, interesting results were achieved from metabolic studies. 

Radiotracers experiments by 73As showed how the speciation can influence the 

incorporation of metal in the cells. The cellular uptake of As(III) was about 4-fold 

higher than As(V) (Table 15.II). At intracellular level and at not toxic concentrations As 

in the cell was mostly cytosolic. At toxic concentrations an obvious shift of the metal on 

the cellular organelles was found (Table 15.III). This suggests that a saturation of As-

binding sites in the cytosol was reached. 

Furthermore, the study on cytotoxicity (Table 13.VII) and carcinogenic potential 

(Table 14.III) of organoarsenic species confirms in vivo observations (Shiomi K., 1994; 

Shiomi K. et al., 1988; Yamauchi H. et al., 1989) with a new finding. In fact, the 
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tetraphenylarsonium chloride hydrate ((C6H5)4AsCl·H2O) differed from the other 

organoarsenic compounds showing a dose-response curve that reached complete growth 

inhibition at 100 µM (Table 13.VII) and 5.9x10-4 transformation frequency at 7 µM 

(Table 14.III). 
 

The work related to the third step of the proposed strategy involved the 

determination of concurrent cytotoxicity and carcinogenic potential of metal compounds 

(Section 14). Among the metal compounds tested in a range of concentration from 0.1 

to 700 µM, NaAsO2, Na2HAsO4·7H2O, CdCl2·2H2O, Na2CrO4·4H2O, (NH4)2PtCl6, and 

NaVO3·H2O, were found transforming (Table 14.I). 

Arsenic. Table 14.I shows that concentration at least 4-fold higher was required to 

induce an equivalent transformation frequency for Na2HAsO4·7H2O as compared to 

NaAsO2 (Photo 14.2). This finding is in agreement with previous observations that 

proved trivalent inorganic arsenic more cytotoxic and transforming compared to the 

pentavalent form in the Balb/3T3 cells (Bertolero F. et al., 1987a) and in the Syrian 

hamster embryo cells (Lee T.C. et al., 1985). Interestingly, it has been suggested that the 

same intracellular chemical form of arsenic is responsible for the effect, independently 

of the valence state of the inorganic arsenic present in the culture medium, because a 

reduction process of arsenate to trivalent arsenic occurs in Balb/3T3 (Bertolero F. et al., 

1987a). A new finding of the present work was the carcinogenic potential of NaAsO2 

that was comparable with (C6H5)4AsCl·H2O, while Na2HAsO4·7H2O was quantitatively 

less transforming than this organoarsenic compound. Once more, an As(III)-species 

displays its higher toxicity also in the context of organoarsenic compounds. 

If the inorganic As-species tested were cytotoxic and transforming, a methylated 

form of arsenic (As-betaine) was ineffective (Tables 13.III and 13.VII; Tables 14.I and 

14.III). This is in agreement with the in vivo situation (Maher W.A., 1985; Shiomi K., 

1994). Methylated arsenicals are rapidly excreted in urine following administration, 

probably because of their stability in biological media and low affinity for cellular 

components. Some reports on the metabolism of As in seafood suggest that orally 

ingested As-betaine is rapidly excreted in human urine without biotransformation, 

implying that the human body, like experimental animals, does not retain As-betaine. 

Therefore, a low retention efficiency of As-betaine by Balb/3T3 cells due to its high 

stability in biological media and to the lack of intracellular binding with 
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macromolecules (Sabbioni E. et al., 1991b) is in agreement with the findings of the 

present study as well as with in vivo and cell-free in vitro studies (Magnani L., 1988; 

Vahter M. et al., 1983). 

Cadmium. A further important confirmation of the reliability of the morphological 

transformation Balb/3T3 assay was obtained from data related to cadmium (Table 14.I) 

for which sufficient evidence in humans and animals classify this metal as carcinogenic, 

independently of the Cd-compound tested (Oldiges H. et al., 1989). Even though the 

underlying mechanisms are still puzzling, Cd(II) was proved to cause DNA strand 

breaks and chromosomal aberrations, although these latter are induced at highly 

cytotoxic concentrations (Hartwig A., 1995). Moreover, the accumulation of cadmium 

in kidneys without apparent toxic effect is possible due to the formation of a Cd-binding 

protein (metallothionein), a metal-protein complex with a low molecular weight (~6500 

dalton), which can give chronic and irreversible nephrotoxicity. Interestingly, cadmium 

bound to metallothionein within tissues is toxic when taken up by the proximal tubular 

cells complex, whereas cadmium chloride at even greater concentrations in proximal 

tubular cells is not toxic (Dorian C. et al., 1995). 

Chromium. In the present study, Cr(VI) has been found transforming in Balb/3T3 

cells, while Cr(III) was ineffective (Table 14.I). This finding reflects the in vivo 

situation (Wiegand H.J. et al., 1984). After entering cells across non-specific anion 

channels Cr(VI) is reduced by enzyme-catalysed reactions or non-enzymatic 

components such a glutathione. This process leads to Cr(III) that can cause several 

forms of DNA damage (DNA-Cr(III) adducts or oxidative damage by reactive 

intermediates) (Voitkun V. et al., 1998). In the present study the experiment on the 

speciation of chromium in the culture medium after incubation of the Balb/3T3 cells 

with Cr(VI) confirmed that in the cells Cr(VI) undergoes to a biotransformation to 

Cr(III) that becomes the predominant chemical form in culture medium (Table 15.IV). 

Furthermore, our findings confirm that cytotoxicity (Table 13.I and Figure 13.2) and 

carcinogenic potential (Table 14.I) are strictly related to the chemical form of chromium 

(transforming activity of Cr(VI) already at 30 µM; no carcinogenic potential of Cr(III) 

up to 500 µM). 

Platinum group. Pt(IV), Pd(IV) and Rh(III) were already mentioned as metals of 

environmental, occupational and biomedical interest (Section 3.1: Platinum Group 

Metals). This justified a comparative study concerning their cytotoxicity (Table 13.I) 
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and transforming activity (Table 14.I). Moreover, the adverse effects in humans after 

environmental exposure (release from automotive catalytic converters), occupational 

exposure (allergy and asthma in workers), biomedical use (use as antitumour drugs or as 

components of alloys in dentistry and orthopaedics) are already known (Pietra R. et al., 

1994). Nevertheless, there is little information available on the effect on human health 

after long-term chronic exposure to low levels of platinum and platinoids. 

The present study represents a step forward in the context of toxicological risk 

assessment of Pt-compounds. For the first time the present study shows an in vitro 

transforming activity of (NH4)2PtCl6 in Balb/3T3 (Table 14.I and Photo 14.1), while the 

corresponding Rh(III) and Pd(IV) salts did not show morphological transformation in 

the same in vitro model (Table 14.I). 

Vanadium. A previous study on ammonium metavanadate(V) and vanadyl(IV) 

sulphate in Balb/3T3 cells demonstrated that V(V) is the active form in inducing 

morphological transformation, while V(IV) is not transforming (Sabbioni E. et al., 

1991a). In the present work the carcinogenic potential of sodium metavanadate was 

showed already at concentration of 1 µM. Furthermore, vanadocene ((C5H5)2VCl2), an 

organic form of vanadium, was compared to the inorganic form for the cytotoxic 

response showing a slightly stronger cytotoxicity for the organic form (Table 13.III). 

Nevertheless, recent experiments have showed no carcinogenic potential for vanadocene 

unlike NaVO3·H2O (personal communication). 
 

A further investigation performed at the end of morphological neoplastic 

transformation experiments has concerned the cloning of type III foci identified in 

living cell cultures previously treated with NaAsO2, CdCl2·2H2O, (NH4)2PtCl6, PtCl2, 

PtCl4, carbo-Pt and cis-Pt (Sections 14.1 and 14.2). The purpose of this study concerns 

the evaluation of transformed features eventually displayed by selected Balb/3T3 clones 

(Section 14.4). 

Since ECVAM is not working with laboratory animals, the part of the 

investigation using nude mice has been carried out at “Istituto Zooprofilattico 

Sperimentale dell’Emilia e della Lombardia” (IZS) of Brescia (Italy). 

When clones were found able to form colonies in soft agar even after the second 

replicate, each of these clones was injected by subcutaneous route into two nude mice 

about 20-30 days old. Animals were observed weekly and in case of neo-formation they 
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were euthanised. Macroscopic and histopathologic investigations were carried out on 

their organs and tissues. Numerous clones derived from NaAsO2, CdCl2·2H2O, 

(NH4)2PtCl6, PtCl2, PtCl4, carbo-Pt and cis-Pt produced colonies in soft agar (Photo 

14.4). Interestingly, all clones showing this transformed feature presented morphology 

different from normal Balb/3T3 untreated cells during the amplification of the cultures. 

As illustrated in Photo 14.3, the typical fibroblastic-like appearance was lost and the 

cells appeared more spindle-shape or even epithelial-like. Experiments are in progress 

in order to verify if these changes are related to the acquisition of transformed properties 

(altered morphology). 

However, at present only five clones derived from the treatment of 1 µM carbo-Pt 

and one from 5 µM (NH4)2PtCl6 produced tumours in nude mice. The tumour was 

usually located in the area of injection. It was composed mostly of epithelial cells and 

showed high mitotic capacity. No metastases were observed, whereas modifications 

were identified in liver and spleen.  

In vivo tests are currently in progress on further eight clones derived from 

NaAsO2, CdCl2·2H2O, (NH4)2PtCl6, PtCl2, and cis-Pt.  
 

We can conclude that treatments of the Balb/3T3 cells using different metal 

compounds may induce modifications at genetic level, which result in morphological 

transformation for some cells within the population. This can be sometimes related to 

the acquisition of tumourigenic potential, as demonstrated by in vivo tests. If 

transforming activity of clones is identified by in vitro methods, the corresponding 

oncogenicity in vivo has to be confirmed. Consequently, it is very difficult to 

established quantitative correlation between transformation frequency in vitro and 

oncogenic activity in vivo. More specifically, the correlation existing among in vitro 

transformation assays, soft agar plating method and in vivo transformation should be 

considered very low. These findings highlight how it is important to understand if 

treatments of the Balb/3T3 cells using different metal compounds really can induce 

modifications at genetic level, which result in morphological neoplastic transformation 

and, sometimes, in the acquisition of tumourigenic potential in vivo. 

In this context, the present study intends also to promote the prediction of 

carcinogenicity as well as to discriminate genotoxic/carcinogenic and non-

genotoxic/carcinogenic metal compounds. This is indeed the principal aim of a 
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collaborative study on in vitro cell transformation assay for metal carcinogenesis 

performed by the Universitat Autònoma of Barcelona (Spain) in collaboration with the 

University of Pisa (Italy) and the  “Instituto Zooprofilattico Sperimentale dell’ Emilia e 

della Lombardia” (IZS) of Brescia (Italy). This project is focused on the use of the 

Balb/3T3 transformation assay particularly in combination with short term tests: a) the 

Human Lymphocyte In Vitro Micronucleus (MN) Assay coupled to Fluorescence In 

Situ Hybridisation (FISH) analysis to discriminate clastogenic/aneugenic potential of 

metal compounds; b) the Single Cell Gel Electrophoresis Assay (or Comet assay) 

performed on a human lymphoblastoid cell line (the TK6 cell line) in order to identify 

different mechanistic aspects related to the genotoxicity of the metals tested. These 

aspects should consider antigenotoxic, repair and oxidative damage induction. 

Experiments are in progress to draw conclusions about the genotoxic potential of 

metal compounds, whose carcinogenic potential was showed in previously studies using 

the Balb/3T3 transformation assay. A first finding is the confirmation by MN test and 

Comet assay that the transforming NaAsO2 and Na2HasO4·7H2O display genotoxic 

potential and thus, they can be considered as genotoxic/carcinogenic metal compounds 

(Guillamet E. et al., in preparation; Migliore L. et al., 1999; Migliore L. et al., 2002). 

 

♦ Studies on apoptosis. The fourth step of the proposed work strategy concerned 

the investigation on the ability of NaAsO2, Na2CrO4·4H2O, cis-Pt, carbo-Pt, 

(NH4)2PtCl6, PtCl4 and PtCl2 to induce apoptosis in the Balb/3T3 cells (Sections 16.1-

16.5). This represents a first attempt to give a mechanistic basis to cytotoxicity and 

carcinogenic potential of metal compounds observed in the present study. 

Four approaches to identify different phases of the apoptotic process were 

applied: a) cytofluorimetric detection of early stages of apoptosis, as the rearrangement 

of the lipids in the plasma membrane (using the annexin V/PI assay); b) 

cytofluorimetric analysis of the induction of the caspase-3 activity, which is one of the 

‘effectors enzymes’ of the cysteine-aspartate proteases family; c) nuclear fragmentation 

and d) chromatin condensation and apoptotic bodies formation related to the later stages 

of apoptosis, detected by TUNEL and Hoechst 33342/PI assays via confocal and 

fluorescence microscopy, respectively. 

The findings obtained for NaAsO2, Na2CrO4·4H2O, cis-Pt and carbo-Pt show that 

these metal compounds induced apoptosis in the Balb/3T3 cell line as determined by the 
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four methods applied, in agreement with the literature data (Section 2.1). 

In particular, Na2CrO4·4H2O showed DNA fragmentation also at 300 µM after 12 

hours, whereas annexin V/PI, caspase-3 activity and Hoechst 3342/PI assays confirmed 

induction of apoptosis only after 6-hour exposure (Section 16.5). Probably, this is due to 

a combination of factors (concentration, exposure time) defining a late stage of the 

apoptotic process for this treatment. Consequently, this situation can be revealed only 

by techniques that directly analyse the nucleus, such as the applied DNA fragmentation 

assay (Photo 16.8). 

Among the inorganic Pt-compounds tested PtCl4 induced apoptosis, although the 

annexin V/PI assay gave negative results. However, annexin identifies rearrangements 

in the plasma membrane at very early stages of apoptosis. Thus, it is plausible to 

suppose that this assay is often not able to confirm apoptotic data in comparison to other 

methods detecting markers at nuclear level. Moreover, caspase-3 substrate recently was 

found related to nuclear changes associated with apoptosis (Liu X. et al., 1997). 

Actually, caspases act not only on activation of other caspases (or pro-caspases) but also 

on components of the cytoskeleton (e.g. actin) and on nuclear proteins. Studies 

demonstrate that caspase-3 can cleave and activate the 45 kDa subunit of a protein, 

named DNA fragmentation factor, which leads to induction of nuclease activity, nuclear 

condensation and degradation of DNA into nucleosomal fragments (Liu X. et al., 1997). 

This could explain the induction of apoptosis detected for PtCl4 performing analysis on 

caspase-3 activity, DNA fragmentation and chromatin condensation (Section 16.5). 

On the contrary, (NH4)2PtCl6 and PtCl2 can be considered non-inducers of 

apoptosis in the Balb/3T3 cell line, in spite of induction of caspase-3 activity at 

particular concentrations and exposure times (Section 16.5). 

Table III summaries the findings achieved in this study concerning apoptosis 

induced by metal compounds in the Balb/3T3 cells. 
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Table III: Apoptosis determined by different methods in Balb/3T3 cells  

exposed to metal compounds 

Apoptosis 
Metal 

compound 

Concentration / 

Exposure 
AnnexinV/PI 

Caspase-3 

activity 

DNA 

fragmentation 
Hoechst/PI 

NaAsO2 100-175µM / 6h + + + + 

Na2CrO4·4H2O 250-350µM / 6h + +   + a + 

cis-Pt 85-150µM / 12h + + + + 

carbo-Pt 1250-1750µM / 12h + + + + 

PtCl4 100-150µM / 12h - + + + 

(NH4)2PtCl6 
100µM / 6h     

75µM / 12h 
- + - - 

PtCl2 75µM / 6-12h - + - - 

a: found positive also at 300 µM after 12-hour exposure. 
 

 

A general comment concerns the failures to determine apoptosis and the 

difficulties in interpreting data as arisen from the present study, particularly for 

(NH4)2PtCl6 and PtCl2 and, to a less extent, also for Na2CrO4·4H2O and PtCl4. We judge 

these problems as foreseeable, particularly when the endpoint of each method applied 

for the analysis refers to a different step of apoptosis. In fact, in studying apoptosis the 

following remarks must be taken into account (Darzynkiewicz Z. et al., 2001): i) the 

entire apoptotic process, from the initiation to the total disintegration of the cell, is of 

short and variable duration, which is different in different cell types and tissues, as well 

as in vivo and in vitro; ii) some inducers may slow down or accelerate the apoptotic 

process (e.g. protease inhibitors delay nuclear fragmentation and prolong the process of 

apoptosis; iii) limitations and possible pitfalls are intrinsic of every approach used to 

detect apoptosis. For example, the permeability and asymmetry of plasma membrane 

phospholipids (accessibility of phosphatidylserine) may change as a result of prolonged 
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treatment with proteolytic enzymes (trypsinisation), mechanical damage (e.g. cell 

removal from flasks, repeated centrifugations), or treatment with different drugs. Then, 

plasma permeability may vary depending on the cell type and on many factors, 

unrelated to apoptosis or necrosis (Darzynkiewicz Z. et al., 2001). 

Thus, many cautions must be taken in interpretating the data on apoptosis. This 

latter is a kinetic event and the time window during which individual apoptotic cells 

demonstrate their characteristic features (markers) that allow then to be recognisable 

varies depending on: i) the method used; ii) the cell type; and/or iii) the nature of the 

inducer of apoptosis. 

 

♦ Cytotoxicity studies on HaCaT cell line. The cytotoxicity induced in the 

HaCaT cells  after exposure to selected metal compounds ((NH4)2PtCl6, (NH4)2PdCl6, 

(NH4)3RhCl6, NaAsO2, Na2HAsO4·7H2O, and (CH3)3AsCH2COO-) (Section 17) is 

discussed with reference to the corresponding data obtained in the Balb/3T3 cells. 

Both cell lines, when exposed to different inorganic and organoarsenic 

compounds, confirmed that only the inorganic trivalent and, to a less extent, pentavalent 

As-species were cytotoxic in a dose-dependent fashion (Figures 13.2 and 17.1). The 

corresponding IC50 values derived for As(III) and As(V) were also similar (1.5 µM and 

5 µM, Balb/3T3 cells; 0.5 µM and 5 µM, HaCaT cells). As for the Balb/3T3 cells, 

unlike inorganic NaAsO2 and Na2AsO4·4H2O, As-betaine did not induce significant 

cytotoxicity in the HaCaT cell line to concentrations up to 1000 µM (Figure 17.1). 
 

The experiments on the cytotoxic effect induced in the HaCaT cells exposed to 

(NH4)2PtCl6, (NH4)2PdCl6, and (NH4)3RhCl6 (Table 17.I) showed the same ranking of 

toxicity observed for the Balb/3T3 cells: 

Pt(IV) > Rh(III) > Pd(IV). 

This confirms once more that Pt(IV) is a very toxic chemical form (IC50 value of 

3.7 µM and 30 µM for the Balb/3T3 and the HaCaT cells, respectively). The IC50 values 

for Rh(III) (160 µM, Balb/3T3; 100 µM, HaCaT) and Pd(IV) (230 µM, Balb/3T3; 

higher than 100 µM, HaCaT) were similar in both cells. Furthermore, this trend of 

cytotoxicity identified in the HaCaT cell line also confirms previously data obtained 

using the Neutral Red Uptake (NRU) assay (Cocco B., 1999). 
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♦ Studies on Syrian Hamster Embryo cell line. Syrian Hamster Embryo cell 

transformation assay using primary cells generally is considered as a valuable test for 

the study of the carcinogenic potential of chemicals (LeBoeuf R.A. et al., 1990).  

Investigations carried out in this work on the SHE cell line (Section 18) showed 

experimental complications affecting the performance of the assay. One of the main 

difficulties was the modified pH value (pH = 6.7) of culture medium as proposed by 

LeBoeuf (pH = 6.7 obtained after incubation of culture medium at 10% CO2 and 37°C 

in 90% humidified air) (Kerckaert G.A. et al. 1996). We were unable to reproduce such 

experimental conditions. In fact, the initial value pH = 7.4, was unchanged over many 

days under the LeBoeuf conditions (data not showed). At this pH, however, the cell 

survival was about 10-fold higher compared to the acid pH (Table 18.II). Preliminary 

experiments at pH = 6.7 showed colony formation only after 72-hour exposure (but not 

after 24-hour exposure) with a mean of colonies/plate less than 15 (data not showed). 

Thus, the suggested modification of the assay at pH = 6.7 would not increase the 

sensitivity of the SHE assay (Section 1.3). 

A recent review from OECD (Organisation for Economic Co-operation and 

Development) concerning in vitro transformation assays indicates that sensitivity, 

specificity and predictivity values are very similar between experiments carried out at 

pH = 6.7 and at pH = 7.35 (personal communication). Thus, the value of the pH in the 

culture medium is not a determining factor for morphological transformation of the 

SHE cell line. It seems to be dependent on the culture medium conditions adopted in 

each laboratory. 

In the present work another severe problem in the use of SHE cells has concerned 

the reproducibility of the assay. Since ECVAM is not allowed to use animals, it was not 

possible to sacrifice pregnant hamsters in order to prepare the feeder cells necessary for 

carrying out cytotoxicity and morphological transformation experiments. Consequently, 

these cells were obtained from an external supplier in frozen vials. We remind that the 

SHE assay needs two types of cells, target and feeder cells. The feeder cells are 

inactivated (X-irradiated) cells, which can no longer divide but can provide factors to 

support the growth of the target cells and improve their cloning efficiency (Section 6.1). 

It was impossible after thawing to reach an adequate number of feeder cells to seed in 

cytotoxicity experiments (receiving irradiated cells in culture was rejected due to 

frequent contaminations), probably because of an increased sensitivity of these cells 
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after irradiation. Thus a huge number of pregnant hamsters should be sacrificed to apply 

the SHE assay. 

 

♦ In vitro cellular biotransformation and interaction of metal compounds in 

culture medium and cellular lysate. The availability of mechanistically based in vitro 

toxicity testing is a key aspect to improving the scientific basis of toxicity testing and 

non-animal testing strategies (Balls M., 1998). This approach is taken into account by 

the IMETOX project that foresees the determination of the behaviour of metal 

compounds in cell culture medium as well as the identification of metabolic patterns of 

the metal incorporated into cells (Sabbioni E. et al., 1999). The biochemical 

mechanisms can be elucidated by a combination of pharmacokinetic and metabolic 

studies (biotransformation, identification of metallobiocomplexes and determination of 

the oxidation state and their changes in the cell) (Sabbioni E. et al., 1985). In this 

context, the delineation of metabolic pathways and kinetic patterns of metals in culture 

medium and cells is a key point in understanding the factors that determine 

toxicological responses and in interpreting the corresponding cytotoxicity. 

The measurements of metal bioavailability and uptake are the first steps that must 

be evaluated in the development of mechanistically based in vitro assays (Sabbioni E. 

and Balls, M., 1995). However, their evaluation poses serious technical problems. In 

fact, cell cultures are grown in a chemically defined medium, generally with the 

addition of foetal calf serum. The medium is a complex mixture (buffered saline 

solution containing amino acids, carbohydrates, vitamins, minerals, cofactors and 

sometimes pH indicator, separating buffered systems, and some non-essential amino 

acids, which may be used by particular cell type). This complex nature of culture 

medium may strongly influence cellular uptake and disposition of the assayed metal, 

e.g. by changing the simple original ionic form of this metal that represents the most 

common form in which metal compounds are generally tested. This is due to the 

possibility of metal ion to bind the numerous organic ligands, such as biochemicals and 

serum components of the medium, which can lead to the formation of metal-chelates 

and to oxido-reduction reactions that change the original oxidation state of the metal. 

In addition, there is evidence that cells can biotransform the incorporated metal 

species, leading to metal metabolites of great toxicological significance. Typical 

examples are: i) the correlation between Cr(III)-induced DNA single-strand breaks and 
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the level of Cr(III) generated in Chinese Hamster V79 cells upon the metabolic 

reduction of Cr(VI) by glutathione or H2O2 (Aiyar J. et al., 1991); ii) the reduction of 

toxic and morphological transforming V(V)-species into the less toxic and non-

transforming V(IV) form by the Balb/3T3 cells, which represents the mechanism of 

detoxification for the toxic pentavanadate (Sabbioni E. et al., 1993). Thus, the study of 

the chemical form of a metal that enters the cell (e.g. possible metabolic-mediated 

oxido-reduction processes) may provide information about the capability of the cell to 

detoxicate toxic metal species or to generate reactive toxic intermediates. Moreover, the 

analysis of metal species in culture medium at the end of the assay may give insights 

into the eventual presence of ‘metabolised’ metal catabolites as released by cells. 

In this context, the application of the High Field Nuclear Magnetic Resonance 

(NMR) spectroscopy to our study shows the great potential of this technique in 

mechanistically based in vitro toxicity testing. For 32 metal compounds similar results 

were obtained from all different culture media tested in absence of cells, with and 

without serum (Table 19.I). This is a fundamental aspect to be considered in evaluating 

stability and reproducibility of the experimental conditions under which one or more 

cell systems are tested. 

Another interesting finding concerns the loss of NMR signals in the case of Pt-

compounds related to His molecule. The loss of this signal in absence of cells (Figure 

19.2) and its persistence in presence of cells (Figure 19.3) suggests that different 

conditions can influence the pathways of a metal by involving different chemical and 

biological processes, such as kinetic transport into or uptake by the cells. 
 

With regard to the identification of metal species in incubation medium at the end 

of the assay after cell removal, interesting data are reported in Figures 19.4 and 19.5, 

which are related to the NMR analysis on cellular lysates. These analysis detected the 

loss of a specific signal common to NaAsO2, Na2CrO4·4H2O and (NH4)2PtCl6, but not 

to NaVO3·H2O (Figure 19.4). The findings that the original signal of the control consists 

of two overlapped signals and that the peak still visible after treatment corresponds to 

the reduced glutathione molecule (Figure 19.5) are useful information for the study still 

in progress to identify the second peak and consequently the pathway, in which 

NaAsO2, Na2CrO4·4H2O and (NH4)2PtCl6 seem to be involved. Recent experiments 

suggest that this signal may correspond to an adenosilic derivate. 
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CONCLUSIONS 
VS 

OBJECTIVES OF THE PRESENT STUDY 
 

 

♦ Check of chemical purity. The determination of the degree of elemental 

purity of metal compounds to be tested for cytotoxicity and carcinogenic potential by in 

vitro systems suggests a “low risk” of artefacts in relation to the biological response. 

♦ Standardisation and optimisation of Balb/3T3 cell transformation assay. 

The achievements reached make the Balb/3T3 assay potentially available for future 

prevalidation/validation studies. 

♦ Determination of cytotoxicity and carcinogenic potential of metal 

compounds by Balb/3T3 assay. The establishment of a database concerning 

cytotoxicity and morphological neoplastic transformation induced by metal compounds 

in the Balb/3T3 assay complements very well the corresponding existing database of 

organic compounds. The achievements about the carcinogenic potential of metal 

compounds are consistent and in good agreement with the corresponding in vivo 

situation. This assay is also a valuable in vitro model regarding the aspect of metal 

speciation, which is a key factor in determining metal toxicity, and for testing chemical 

mixtures. 

♦ Studies on apoptosis in the Balb/3T3 cell line. New metal compounds have 

been identified and other confirmed as apoptotic agents. However, the studies carried 

out indicate that more than one assay should be used in order to establish unequivocally 

the induction of apoptosis by a metal compound. This is due to the complexity of the 

problem and the difficulties to interpret the experimental data. The findings on the 

apoptotic response induced by metal compounds suggest the hypothesis of an existing 

relationship among apoptotic, genotoxic and carcinogenic processes. 

♦ Cytotoxicity studies on HaCaT cell line. The results achieved on 

cytotoxicity of selected metal compounds and the comparison with the corresponding 

data in Balb/3T3 cells not only suggest HaCaT cells as a reliable in vitro model for 

screening of cytotoxicity but also encourage to explore further the HaCaT cell line as in 
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vitro system of human origin for testing the carcinogenic potential of metal compounds. 

♦ Syrian Hamster Embryo (SHE) cell line. The results highlight experimental 

difficulties of this in vitro system as cell transformation assay. However, we must take 

into account that this system is complementary to the Balb/3T3 assay because embryo 

cells (SHE) and established cell lines (Balb/3T3) are supposed to represent, 

respectively, early and later stages of the carcinogenesis process (LeBoeuf R.A. et al., 

1996). Thus, the coexistence of both these in vitro transformation assays may represent 

the best approach to predict in vivo carcinogenesis. 

♦ Cellular uptake, intracellular repartition and speciation in culture 

medium and cellular lysate. The results obtained applying unique and peculiar 

analytical techniques like the use of radiotracers, ICP-MS and NMR have made possible 

to get interesting metabolic data on uptake and intracellular repartition of metals 

incorporated into cells. This is an aspect generally neglected in in vitro studies although 

it is a key point for mechanistic interpretation of cytotoxicity and transforming activity 

induced by chemicals. 
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Publications related to the present work 
 

Mazzotti, F., Sabbioni, E., Ghiani, M., Cocco, B., Ceccatelli, R. and Fortaner, S. (2001). 

In vitro assessment of cytotoxicity and carcinogenic potential of chemicals: evaluation 

of the cytotoxicity induced by 58 metal compounds in the Balb/3T3 cell line. ATLA 29, 

601-611. 

 

Mazzotti, F., Sabbioni, E., Ponti, J., Ghiani, M., Fortaner, S. and Rossi. G.L. (2002). In 

vitro setting of dose-effect relationships of 32 metal compounds in the Balb/3T3 cell 

line, as a basis for predicting their carcinogenic potential. ATLA 30, 209-217. 

 

 

 

 

 

 

 

 

 

Note on the nomenclature of figures, tables and photos 
 

For ease identification of figures, tables and photos, a custom nomenclature was 

adopted. This is in direct relation to the graphical issues with the corresponding section. 

Examples: 

Figure 7.2 means the second figure included in section 7. 

Table 5.IV means the fourth table that can be found in section 5. 

Photo 4.3 means the third photo inserted in section 4. 



219 

REFERENCES 
 

 

Aaronson, S.A. and Todaro, G.J. (1968a). Development of 3T3-like lines from BALB/c 
mouse embryo cultures: transformation suceptibility to SV40. J. Cell Physiol. 72, 141-
148. 
 
Aaronson, S.A. and Todaro, G.J. (1968b). Basis for the acquisition of malignant 
potential by cells cultivated in vitro. Science 162, 1024-1026. 
 
Aiyar, J., Berkovites, H.J., Floyd, R.A. and Wetterhalhn, K.E. (1991). Reaction of 
chromium(VI) with glutathione or with hydrogen peroxide: identification of reactive 
intermediates and their role in chromium(VI)-induced DNA damage. Environ. Health 
Perspect. 92, 53-62. 
 
Allen, R.T., Hunter, W.J. and Agrawal, D.K. (1997). Morphological and biochemical 
characterisation and analysis of apoptosis. J. Pharmacol. Toxicol. Methods 37, 215-228. 
 
Anon (1986). Council Directive 86/609/EEC of 24 November 1986 on the 
approximation of laws, regulations and administrative provisions of the Member States 
regarding the protection of animals used for experimental and other purposes. Off. J. EC 
L358, 1-29. 
 
Anon (2001a). Chemicals. Brussels: Commission of European Communities. Web site: 
http://www.europa.eu.int/comm/environment/chemicals/index.htm. 
 
Anon (2001b). White Paper on a Strategy for a Future Chemicals Policy. Brussels: 
Commission of European Communities. Web site: 
http://www.europa.eu.int/comm/environment/chemicals/whitepaper.htm. 
 
Anon (2001c). White Paper on a Strategy for a Future Chemicals Policy. Brussels: 
Commission of European Communities. Web site: 
http://www.europa.eu.int/comm/environment/conference/018-final_report.htm. 
 
Anon (2001d). Report of the 2355th Session of the Council “Environment”, held on 7 
June 2001, pp. 10-16. Luxembourg: Council of Ministers. Web site: 
http://ue.eu.int/newsroom/. 
 
Aposhian, H.V. (1997). Enzymatic methylation of arsenic species and other new 
approaches to arsenic toxicity. Ann. Rev. Pharmacol. Toxicol. 37, 397-419. 
 
Aposhian, H.V., Arroyo, A., Cebrian, M.E., Del Razo, L.M., Hurlbut, K.M., Dart, R.C., 
Gonzalez-Ramirez, D., Kreppel, H., Speisky, H., Smith, A., Gonsebatt, M.E., Ostrosky-
Wegman, P. and Aposhian, M.M. (1997). DMPS-arsenic challenge test. I: Increased 
urinary excretion of monomethylarsonic acid in humans given dimercaptopropane 
sulfonate. J. Pharmacol. Exp. Ther. 282, 192-200. 
 



References 

220 

Asby, J. and Tennant, R.W. (1991). Definitive relationships among chemical structure, 
carcinogenicity and mutagenicity of 301 chemicals tested by the US NTP. Mutat. Res. 
257, 229-306. 
 
Ashkenazi, A. and Dixit, V.M. (1998). Death receptors: signalling and modulation. 
Science 281, 1305-1308. 
 
Balls, M. (1998). Mechanistic approaches and the development of alternative toxicity 
test methods. Environ. Health Perspect. 106, 453-457. 
 
Balls, M. (2001). Alternative Methods and the Emerging Chemicals Policy. Oral 
presentation at the Conference on the Commission’s White Paper on the Strategy for a 
Future Chemicals Policy. Brussels, April 2, 2001. 
 
Balls, M. and Fentem, J.H. (1999). The validation and acceptance of alternative to 
animal testing. Toxicol. In Vitro 13, 837-846. 
 
Balls, M., Blaauboer, B., Brusick, D., Frazier, J., Lamb, D., Pemberton, M., Reinhardt, 
C., Roberfroid, M., Rosenkranz, H., Schmid, B., Spielmann, H., Stammati, A.L. and 
Walum, E. (1990). Report and reccommendations of the CAAT/ERGATT workshop on 
the validation of toxicity testing procedures. ATLA 18, 313-336. 
 
Balls, M., Goldberg, J.H., Fentem, J. H., Broadhead, R.L., Burch, R.L., Festing, 
M.F.W., Frazier, J.M., Hendriksen, C.F.M., Jennings, M., van der Kamp, M.D.O., 
Morton, D.B., Rowan, A.N., Russel, C., Russel, W.M.S., Spielmann, H., Stephens, 
M.L., Stokes, W.S., Starughan, D.W., Yager, J.D., Zurlo, J. and van Zutphen, B.F.M. 
(1995). The Three Rs: the way forward. ATLA 23, 838-866. 
 
Barrett, J.C. (1993). Mechanisms of multistep carcinogenesis and carcinogen risk 
assessment. Environ. Health Perspect. 100, 9-20. 
 
Barrett, J.C. and Fletcher, W.F. (1987). Cellular and molecular mechanisms of multi-
step carcinogenesis in cell culture models. In: Mechanisms of Environmental 
Carcinogenesis. Multistep Models of Carcinogenesis, vol. 2, pp. 77-116. Boca Raton, 
USA: CRC Press. 
 
Barrett, J.C., Kakunaga, T., Kuroki, T., Neubert, D., Trosko, J.E., Vasilieu, J.M., 
Williams, G.M. and Yamasaki, H. (1986). Mammalian cell transformation in culture. 
In: Long and Short Term Test Assays for Carcinogens: a Critical Appraisal. IARC 
Scientific Publication N°83 (Monsanto, R., Bartsch, H., Vainio, H., Wilbourn, J. and 
Yamasaki, H., editors), pp. 267-286. Lyon, France: IARC. 
 
Barrett, J.C., Lamb, P.W., Wang, T.C. and Lee, T.C. (1989). Mechanisms of arsenic-
induced cell transformation. Biol. Trace Elem. Res. 21, 421-429. 
 
Bauer, G. (1996). Elimination of transformed cells by normal cells: a novel concept for 
the control of carcinogenesis. Histol. Histopathol. 11, 237-255. 
 
Bertolero, F., Pozzi G., Sabbioni E. and Saffiotti U. (1987a). Cellular uptake and 



References 

221 

metabolic reduction of pentavalent to trivalent arsenic as determinants of cytotoxicity 
and morphological transformation. Carcinogenesis 8, 803-808. 
 
Bertolero, F., Sabbioni, E., Edel, J. and Pietra, R. (1987b). Quantitative studies on 
cytotoxicity and neoplastic transformation of Balb/3T3 cells by trace metals. In: 
Occupational and Environmental Chemical Hazards (Colombi, A., Ennet, E.A., Foà V. 
and Maroni, M., editors), pp. 478-483. Chichester, UK: Elliss Horwood. 
 
Berwald, Y. and Sachs, L. (1965). In vitro transformation of normal cells to tumour 
cells by carcinogenic hydrocarbons. J. Natl. Cancer Inst. 35, 641-661. 
 
Blankenship, L.J., Manning, F.C.R., Orenstein, J.M. and Patierno, S.R. (1994). 
Apoptosis is the mode of cell death caused by carcinogenic chromium. Toxicol. Appl. 
Pharmacol. 126, 75-83. 
 
Blankenship, L.J., Carlisle, D.L., Wise, J.P., Orenstein, J.M., Dye III, L.E. and Patierno, 
S.R. (1997). Induction of apoptotic cell death by particulate lead chromate: differential 
effects of vitamins C and E on genotoxicity and survival. Toxicol. Appl. Pharmacol. 
146, 270-280. 
 
Bode, A.M. and Dong, Z. (2000). Apoptosis induction by arsenic: mechanisms of action 
and possible clinical applications for treating therapy-resistant cancers. Drug Resist. 
Updat. 3, 21-29. 
 
Bode, A.M. and Dong, Z. (2002). The paradox of arsenic: molecular mechanisms of cell 
transformation and chemotherapeutic effects. Crit. Rev. Oncol. Hematol. 42, 5-24. 
 
Bolm-Aurdoff, U., Bienfait, H.G., Burkhard, J., Bury, A.H., Merget, R., Pressel, G. and 
Schultze-Werninghaus, G. (1992). Prevalence of respiratory allergy in a platinum 
refinery. Int. Arch. Occup. Environ. Health 64, 257-260. 
 
Boukamp, P., Dzarlieva-Petrusevska, R.T., Breitkreutz, D., Hornung, J., Markham, A. 
and Fusenig, N.E. (1988). Normal keratinization in a spontaneously immortalized 
aneuploid human keratinocyte cell line. J. Cell Biol. 106, 761-771. 
 
Boukamp, P., Peter, W., Pascheberg, U., Altmeyer, S., Fasching, C., Stanbridge, E.J. 
and Fusenig, N.E. (1995). Step-wise progression in human skin carcinogenesis in vitro 
involves mutational inactivation of p53, ras-H oncogene activation and additional 
chromosome loss. Oncogene 11, 961-969. 
 
Boukamp, P., Popp, S., Altmeyer, S., Hülsen, A., Fasching, C., Cremer, T. and Fusenig, 
N.E. (1997). Sustained non-tumorigenic phenotype correlates with a largely stable 
chromosome content during long-term culture of the human keratinocyte cell line 
HaCaT. Genes Chromosomes Cancer 19, 201-214. 
 
Bruner, L., Carr, G., Chamberlain, M. and Curren, R. (1996). No prediction model, no 
validation study. Editorial. ATLA 24, 139-142. 
 
Cai, X., Shen, Y.L., Zhu, Q., Jia, P.M., Yu, Y., Zhou, L., Huang, Y., Zhang, J.W., 



References 

222 

Xiong, S.M., Chen, S.J., Wang, Z.Y., Chen, Z. and Chen, G.Q. (2000). Arsenic trioxide-
induced apoptosis and differentiation are associated respectively with mitochondrial 
transmembrane potential collapse and retinoic acid signaling pathways in acute 
promyelocytic leukemia. Leukemia 14, 262-270. 
 
Carlisle, D.L., Pritchard, D.E., Singh, J. and Patierno, S.R. (2000). Chromium(VI) 
induces p53-dependent apoptosis in diploid human lung and mouse dermal fibroblasts. 
Mol. Carcinog. 28, 111-118. 
 
Chen, C.J., Hsueh, Y.M., Lai, M.S., Shyu, M.P., Chen, S.Y., Wu, M.M., Kuo, T.L. and 
Tai, T.Y. (1995). Increased prevalence of hypertension and long-term arsenic exposure. 
Hypertension 25, 53-60. 
 
Chen, C.J., Hsu, L.I., Tseng, C.H., Hsueh, Y.M. and Chiou, H.Y. (1999). Emerging 
epidemics of arseniasis in Asia. In: Arsenic Exposure and Health Effects (Chappell, 
W.R., Abernathy, C.O. and Calderon, R.L., editors), 1st edition, pp. 113-121. New York, 
USA: Elsevier Science. 
 
Chen, F. and Shi, X. (2002). Intracellular signal transduction of cells in response to 
carcinogenic metals. Crit. Rev. Oncol. Hematol. 42, 105-121. 
 
Chen, F., Vallyathan, V., Castranova, V. and Shi, X. (2001). Cell apoptosis induced by 
carcinogenic metals. Mol. Cell. Biochem. 222, 183-188. 
 
Chen, G.Q., Zhu, J., Shi, X.G., Ni, J.H., Zhong, H.J., Si, G.Y., Jin, X.L., Tang, W., Li, 
X.S., Xong, S.M., Shen, Z.X., Sun, G.L., Ma, J., Zhang, P., Zhang, T.D., Gazin, C., 
Naoe, T., Chen, S.J., Wang, Z.Y. and Chen, Z. (1996). In vitro studies on cellular and 
molecular mechanisms of arsenic trioxide (As2O3) in the treatment of acute 
promyelocytic leukaemia: As2O3 induces NB4 cell apoptosis with downregulation of 
Bcl-2 expression and modulation of PML-RAR alpha/PML proteins. Blood 88, 1052-
1061. 
 
Chen, Y.C., Lin-Shiau, S.Y. and Lin J.K. (1998). Involvement of reactive oxygen 
species and caspase-3 activation in arsenite-induced apoptosis. J. Cell. Physiol. 177, 
324-333. 
 
Chiou, H.Y., Hsueh, Y.M., Liaw, K.F., Horng, S.F., Chiang, M.H., Pu, Y.S., Lin, 
J.S.N., Huang, C.H. and Chen, C.J. (1995). Incidence of internal cancers and ingested 
inorganic arsenic: a seven-year follow-up study in Taiwan. Cancer Res. 55, 1296-1300. 
 
Choy, W.N. (2001). Genotoxic and non-genotoxic mechanisms of carcinogenesis. In: 
Genetic Toxicology and Cancer Risk Assessment (Choy, W.N., editor), pp. 47-72. New 
York, USA: Marcel Dekker. 
 
Cocco, B. (1999). Alternative to the Use of Animal in Research on Cytotoxicology and 
Carcinogenic Potential of Metals. Master Thesis carried out under the supervision of 
the Genetic and Microbiology Department, Faculty of Sciences, Universitat Autònoma 
of Barcelona, UAB, Spain, July 1999. S.P.I. (Special Publication Ispra) n° I.99.146, pp. 
1-73 (Joint Research Centre of the European Commission, Italy). 



References 

223 

Coleman, A.B., Momand, J. and Kane, S.E. (2000). Basic fibroblast growth factor 
sensitizes NIH 3T3 cells to apoptosis induced by cisplatin. Mol. Pharm. 57, 324-333. 
 
Combes, R.D. (1997). Detection of non-genotoxic carcinogens: major barriers to 
replacement of the rodent assays. In: Animal Alternatives, Welfare and Ethics (van 
Zutphen, L.F.M. and Balls, M., editors), pp. 627-634. Amsterdam, The Netherlands: 
Elsevier Science. 
 
Combes, R.D. (2000). The use of structure-activity relationships and markers of cell 
toxicity to detect non-genotoxic carcinogenesis. Toxicol. in Vitro 14, 387-399. 
 
Combes, R., Balls, M., Curren, R., Fischbach, M., Fusenig, N., Kirkland, D., Lasne, C., 
Landolph, J., LeBoeuf, R., Marquardt, H., McCormick, J., Müller, L., Rivedal, E., 
Sabbioni, E., Tanaka, N., Vasseur, P. and Yamasaki, H. (1999). Cell transformation 
assays as predictors of human carcinogenicity. ATLA 27, 745-767. 
 
Darzynkiewicz, Z., and Li, X. (1996). Measurements of cell death by flow cytometry. 
In: Techniques in Apoptosis. A User’s Guide (Cotter, T.G. and Martin, S.J., editors), pp. 
71-106. London, UK: Portland Press. 
 
Darzynkiewicz, Z., Bedner, E. and Traganos, F. (2001). Difficulties and pitfalls in 
analysis of apoptosis. In: Methods in Cell Biology (Darzynkiewicz, Z., Robinson, J.P. 
and Crissman, H.A., editors), vol. 63, pp. 527-546. San Diego, USA: Academic Press. 
 
DeVaney, T.T., Tritthart, H.A., Ahammer, H. and Helige, C. (1997). In vitro evaluation 
of cancer cell invasiveness by confocal laser scan techniques. In: Animal Alternatives, 
Welfare and Ethics (van Zupthen, L.F.M. and Balls, M., editors), pp. 329-335. 
Amsterdam, The Netherlands: Elsevier. 
 
DiPaolo, J.A. (1980). Quantitative in vitro transformation of Syrian golden hamster 
embryo cells with the use of frozen stored cells. J. Natl. Cancer Inst. 64, 1485-1489. 
 
DiPaolo, J.A. and Casto, B.C. (1979). Quantitave studies of in vitro morphological 
transformation of Syrian hamster cells by inorganic metal salts. Cancer Res. 39, 1008-
1013. 
 
DiPaolo, J.A., Takano, K. and Popescu, N.C. (1972). Quantitation of chemically 
induced neoplastic transformation of Balb/3T3 cloned cell lines. Cancer Res. 32, 2686-
2695. 
 
Dobrucki, J. and Darzynkiewicz, Z. (2001). Chromatin condensation and sensitivity of 
DNA in situ to denaturation during cell cycle and apoptosis. A confocal microscopy 
study. Micron 32, 645-652. 
 
Dorian, C., Gattone, V.H. and Klaassen, C.D. (1995). Discrepancy between the 
nephrotoxic potencies of cadmium-metallothionein and cadmium chloride and renal 
concentration in the proximal convoluted tubules. Toxicol. Appl. Pharmacol. 130, 161-
168. 
 



References 

224 

Dunkel, V.C., Rogers, C., Swierenga, S.H.H., Brillinger, R.L., Gilman, J.P.W. and 
Nestman, E.R. (1991). Recommended protocols based on a survey of current practice in 
genotoxicity testing laboratories: III. Cell transformation in C3H/T½ mouse embryo 
cells, BALB/c3T3 mouse fibroblast and Syrian hamster embryo cell cultures. Mutat. 
Res. 246, 285-300. 
 
Durrant, S.F. (1992). Multielemental analysis of environmental matrixes by laser 
ablation inductively coupled plasma mass spectrometry. Analyst 117, 1585-1592. 
 
Eaton, D.L. and Klaassen, C.D. (1996). Principles of toxicology. In: Casarett and 
Doull’s Toxicology: the Basic Science of Poisons (Doull, J., Klaassen, C.D. and Amdur, 
M.O., editors), 2nd edition, pp. 13-34. New York, USA: Macmillan. 
 
Eisler, R. (1994). A review of arsenic hazards to plants and animals with emphasis on 
fishery and wildlife resources. In: Arsenic in the Environmet, Part II: Human Health 
and Ecosystem Effects (Nriagu, J.O., editor), vol. 27, pp. 185-259. New York, USA; 
Toronto, Canada: Wiley-Interscience. 
 
Elias, Z., Poirot, O., Pezerat, H., Suquet, H., Schneider, O., Danier, M.C., Terzetti, F., 
Baruthio, F., Fournier, M. and Cavelier, C. (1989). Cytotoxic and neoplastic 
transforming effects of industrial hexavalent chromium pigments in Syrian hamster 
embryo cells. Carcinogenesis 10, 2043-2052. 
 
Farina, M. (2003). Applicazione di Tecniche Analitiche Avanzate in Studi in Vitro di 
Metalli in Tracce mediante Colture Cellulari. Degree thesis carried out under the 
supervision of the Department of Chemistry, Faculty of Sciences, University of Pavia 
(Italy) February 2003. 
 
Fentem, J.H. and Balls, M. (1997). The ECVAM approach to validation. In: Animal 
Alternatives, Welfare and Ethics (van Zupthen, L.F.M. and Balls, M., editors). 
Amsterdam, The Netherlands: Elsevier Science. 
 
FRAME (2002a). The use of animals in science and medicine. Web site: 
http://www.frame.org.uk/Background.htm. 
 
FRAME (2002b). Alternatives to the use of animals in research and testing. Web site: 
http://www.frame.org.uk/Alternat.htm. 
 
Fraústo da Silva, J.J.R. and Williams, R.J.P. (1991). The Biological Chemistry of the 
Elements. Oxford, UK: Clarendon Press. 
 
Fritzenschaf, H., Kohlpoth, M., Rusche, B. and Schiffmann, D. (1993). Testing of 
known carcinogens and noncarcinogens in the Syrian hamster embryo (SHE) 
micronucleus test in vitro: correlations with in vivo micronucleus formation and cell 
transformation. Mutat. Res. 319, 47-53. 
 
Fusenig, N.E. and Boukamp, P. (1994). Carcinogenesis studies of human cells: reliable 
in vitro methods. In: Cell Culture in Pharmaceutical Research (Fusenig, N.E. and Graf, 
H., editors), pp. 79-102. Berlin, Germany: Springer. 



References 

225 

Fusenig, N.E. and Boukamp, P. (1998). Multiple stages and genetic alterations in 
immortalisation, malignant transformation, and tumor progression of human skin 
keratinocytes. Mol. Carcinog. 23, 144-158. 
 
Gómez, B., Gómez, M., Sanchez J.L., Fernández, R. and Palacios, M.A. (2001). 
Platinum and rhodium distribution in airborne particulate matter and road dust. Sci. 
Total Environ. 269, 131-144. 
 
Gorby, M.S. (1994). Arsenic in human medicine. In: Arsenic in the Environment. Part 
II: Human Health and Ecosystem Effects (Nriagu, J.O., editor), vol. 27, pp. 1-16. New 
York, USA: Wiley-Interscience. 
 
Gorczyca, W., Melamed, M.R. and Darzynkiewicz, Z. (1998). Analysis of apoptosis by 
flow cytometry. In: Methods in Molecular Biology. Flow Cytometry Protocols 
(Jaroszeski, M.J. and Heller, R., editors), vol. 91, pp. 217-238. New Jersey, USA: 
Humana Press. 
 
Gorman, A., McCarthy, J., Finucane, D., Reville, W. and Cotter, T. (1996). 
Morphological assessment of apoptosis. In: Techniques in Apoptosis. A User’s Guide 
(Cotter, T.G. and Martin, S.J., editors), pp. 1-20. London, UK: Portland Press. 
 
Gottmann, E., Kramer, S., Pfahringer, B. and Helma, C. (2001). Data quality in 
predictive toxicology: reproducibility of rodent carcinogenicity experiments. Environ. 
Health Perspect. 109, 509-514. 
 
Gradecka D., Palus J. and Wasowicz W. (2001). Selected mechanisms of genotoxic 
effects of inorganic arsenic compounds. Int. J. Occup. Med. Environ. Health 14, 317-
328. 
 
Green, D.R. and Reed, J.C. (1998). Mitochondria and apoptosis. Science 281, 1309-
1312. 
 
Guillamet, E., Morillas, M.J., Creus, A., Sabbioni, E., Fortaner, S., Mazzotti, F. and 
Marcos, R. In vitro DNA damage by arsenic compounds in human lymphoblastoid cell 
line (TK6) assessed by the Comet assay. In preparation. 
 
Guthrie, B.E. (1982). The nutritional role of chromium. In: Topics in Environmental 
Health: Biological and Environmental Aspects of Chromium (Langård, S., editor), vol. 
5, pp. 117-148. Amsterdam, The Netherlands: Elsevier Biomedical Press. 
 
Harada, M. (1995). Minamata disease: methylmercury poising in Japan caused by 
environmental pollution. Crit. Rev. Toxicol. 25, 1-24. 
 
Hartwig, A. (1995). Current aspects in metal genotoxicity. Bio Metals 8, 3-11. 
 
Hei, T.K., Piao, C.Q., Willey, J.C., Thomas, S. and Hall, E.J. (1994). Malignant 
transformation of human bronchial epithelial cells by radon-simulated alpha particles. 
Carcinogenesis 15, 431-437. 
 



References 

226 

Hickman, J.A. (1992). Apoptosis induced by anticancer drugs. Cancer Metast. Rev. 11, 
121-129. 
 
http//:www.chemguide.co.uk. “What is nuclear magnetic resonance (NMR)?”. Web site: 
http://www.chemguide.co.uk/analysis/nmr/background.htm. 
 
http//:www.shu.ac.uk. “Nuclear magnetic resonance spectroscopy. Theoretical 
principles”. Web site: http//:www.shu.ac.uk/schools/chem/tutorials/molspec/nmr1.htm. 
 
IARC (1990). IARC Monographs on the Evaluation of the Carcinogenic Risk of 
Chemicals to Humans. Chomium, Nickel, and Welding, vol. 49. Lyon, France: IARC. 
 
IARC (2001). IARC monographs on the evaluation of carcinogenic risks to humans and 
their supplements: a complete list. In: Programme on the Evaluation of Carcinogenic 
Risks to Humans. As: (1987) suppl. 7, p. 100; Cr(VI): (1990) vol. 49, p. 49; cis-Pt: 
(1987) suppl. 7, p. 170. Web site: http://193.51.164.11/monoeval/allmos.htlm.  
 
IARC/NCI/EPA Working-Group (1985). Cellular and molecular mechanisms of cell 
transformation and standardisation of transformation assays of established cell lines for 
the prediction of carcinogenic chemicals: overview and recommended protocols. 
Cancer Res. 45, 2395-2399. 
 
Isfort, R.J., Cody, D.B., Doerson, C., Kerckaert, G.A. and LeBoeuf, R.A. (1994). 
Alterations in cellular differentiations, mitogenesis, cytoskeleton and growth 
charachteristics during Syrian hamster embryo cell multistep in vitro transformation. 
Int. J. Cancer 59, 114-125. 
 
Kakunaga, T. (1973). A quantitative system for assay of malignant transformation by 
chemical carcinogens using a clone derived from Balb/c 3T3. Int. J. Cancer 12, 463-
473. 
 
Katz, S.A. and Salem, H. (1993). The toxicology of chromium with respect to its 
chemical speciation: a review. J. Appl. Toxicol. 13, 217-224. 
 
Katz, S.A. and Salem, H. (1994). The Biological and Environmental Chemistry of 
Chromium. New York, USA: VCH. 
 
Kerckaert, G.A., Isfort, R.J., Carr, G.J., Aardema, M.J. and LeBoeuf, R.A. (1996). A 
comprehensive protocol for conducting the Syrian hamster embryo cell transformation 
assay at pH 6.70. Mutat. Res. 356, 65-84. 
 
Kerckaert, G.A., LeBoeuf, R.A. and Isfort, R.J. (1998). Assessing the predictiveness of 
the Syrian hamster embryo cell transformation assay for determining rodent 
carcinogenic potential of single ring aromatic/nitroaromatic amine compounds. Toxicol. 
Sci. 41, 189-197. 
 
König, K.H. and Schuster, M. (1994). Platinum group metals. In: Handbook on Metals 
in Clinical and Analytical Chemistry (Seiler, H.G., Sigel, A. and Sigel, H., editors), pp. 
521-530. New York, USA: Marcel Dekker. 



References 

227 

Koopman, G., Reutelingsperger, C., Kuiijten, G.A.M., Keehnen, R.M.J., Pals, S.T. and 
van Oers, M.H.J. (1994). Annexin V for flow cytometric detection of 
phosphatidylserine expression of B cells undergoing apoptosis. Blood 84, 1415-1420. 
 
Landolph, J.R. (1985). Chemical tranformation in C3H/10T½ CCl18 mouse embryo 
fibroblasts: historical background, assessment of the transformation assay, and 
evolution and optimization of the transformation assay protocol. In: Transformation 
Assay of Established Cell Lines: Mechanisms and Application. IARC Scientific 
Publications N°67 (Kakunaga, T. and Yamasaki, H., editors), pp. 185-203. Lyon, 
France: IARC. 
 
Larochette, N., Decaudin, D. and Jacotot, E. (1999). Arsenite induces apoptosis via a 
direct effect on the mitochondrial permability transition pore. Exp. Cell. Res. 249, 413-
421. 
 
LeBoeuf, R.A. and Kerckaert, G.A. (1987). Enhanced morphological transformation of 
early passage Syrian hamster embryo cells cultured in medium with a reduced 
bicarbonate concentration and pH. Carcinogenesis 8, 689-697. 
 
LeBoeuf, R.A., Kerckaert, G.A., Aardema, M.J. and Gibson, D.P. (1990). Multistage 
neoplastic transformation of Syrian hamster embryo cells cultured at pH 6.70. Cancer 
Res. 50, 3722-3729. 
 
LeBoeuf, R.A., Kerckeart, G.A., Aardema, M.J., Gibson, D.P., Brauninger, R. and 
Isfort, R.J. (1996). The pH 6.7 Syrian hamster embryo cell transformation assay for 
assessing the carcinogenic potential of chemicals. Mutat. Res. 356, 85-127. 
 
LeBoeuf, R.A., Kerckaert, K.A., Aardema, M.J. and Isfort, R.J. (1999). Use of Syrian 
hamster embryo and Balb/c3T3 cell transformation for assessing the carcinogenic 
potential of chemicals. In: The Use of Short- and Medium-Term Tests for Carcinogenic 
Hazard Evaluation. IARC Scientific Publications N°146 (McGregor, D.B., Rice, J.M. 
and Venitt, S., editors), pp. 409-425. Lyon, France: IARC. 
 
Lee, T.C., Oshimura, M. and Barrett, J.C. (1985). Comparison of arsenic induced cell 
transformation, cytotoxicity, mutation and cytogenetic effects in Syrian hamster embryo 
cells. Carcinogenesis 6, 1421-1426. 
 
Leist, M., Single, B., Castoldi, A.F., Kuhnle, S. and Nicotera, P. (1997). Intracellular 
ATP concentration: a switch deciding between apoptosis and necrosis. J. Exp. Med. 
185, 1481-1486. 
 
Liu, X., Slaughter, C. and Wang, X. (1997). DFF, a heterodimeric protein that functions 
downstream of caspase-3 to trigger DNA fragmentation during apoptosis. Cell 89, 175-
184. 
 
Lubet, R.A., Nims, R.W., Kiss, E., Kouri, R.E., Putman, D.L. and Schechtman, L.M. 
(1986). Influence of various parameters on benzo[a]pyrene enhancement of adenovirus 
SA7 transformation of Syrian hamster embryo cells. Environ. Mutag. 8, 533-542. 
 



References 

228 

Magnani, L. (1988). Distribuzione di Metalli in Tracce nel Sangue: uno Studio in Vitro 
Mediante Tecniche Nucleari e Radiochimiche. Degree thesis carried out under the 
supervision of the Department of Chemistry, Faculty of Sciences, University of Milan 
(Italy) September 1988. 
 
Maher, W.A. (1985). The presence of arsenobetaine in marine animals. Comp. Biochem. 
Physiol. 80 C, 199-201. 
 
Manning, F.C.R., Blankenship, L.J., Wise, J.P., Xu, J., Bridgewater, L.C. and Patierno, 
S.R. (1994). Induction of internucleosomal DNA fragmentation by carcinogenic 
chromate: relationship to DNA damage, genotoxicity, and inhibition of macromolecular 
synthesis. Environ. Health Perspect. 102, 159-167. 
 
Mareel, M.M., Kint, J. and Meyvisch, C. (1979). Methods of study of the invasion of 
malignant C3H-mouse fibroblasts into embryonic chick heart in vitro. Cell Pathol. 30, 
95-111. 
 
Maronpot, R.R. (1991). Chemical carcinogenesis. In: Handbook of Toxicologic 
Pathology, pp. 91-129. New York, USA: Academic Press. 
 
Martin, S.J., Reutelingsperger, C.P.M., McGahon, A.J., Rader, J.A., van Schie, 
R.C.A.A., La Face, D.M. and Green, D.R. (1995). Early redistribution of plasma 
membrane phosphatidylserine is a general feature of apoptosis regardless of the 
initiating stimulus: inhibition by over expression of Bcl-2 and Abl. J. Exp. Med. 182, 
1545-1556. 
 
Matthews, E.J. (1990). Chemical-induced transformation in BALB/3T3 cells: 
relationship between in vitro transformation and cytotoxicity, carcinogenesis, and 
genototxicity. In: Mutation and the Environment Part D, pp. 229-238. Wiley-Liss. 
 
Matthews, E.J. (1993a). Transformation of Balb/c-3T3 cells: I. Investigation of 
experimental parameters that influence detection of spontaneous transformation. 
Environ. Health Perspect. 101, suppl. 2, 277-291. 
 
Matthews, E.J. (1993b). Transformation of Balb/c-3T3 cells: II. Investigation of 
experimental parameters that influence detection of benzo[a]pyrene-induced 
transformation. Environ. Health Perspect. 101, suppl. 2, 293-310. 
 
Matthews, E.J. (1993c). Transformation of Balb/c-3T3 cells: III. Development of a co-
culture clonal survival assay for qualification of chemical cytotoxicity in high-density 
cell cultures. Environ. Health Perspect. 101, suppl. 2, 311-318. 
 
Matthews, E.J., Spalding, J.W. and Tennant, R.W. (1993a). Transformation of BALB/c-
3T3 cells: IV. Rank-ordered potency of 24 chemical responses detected in a sensitive 
new assay procedure. Environ. Health Perspect. 101, 319-345. 
 
Matthews, E.J., Spalding, J.W. and Tennant, R.W. (1993b). Transformation of BALB/c-
3T3 cells: V. Transformation responses of 168 chemicals compared with mutagenicity 
in Salmonella and carcinogenicity in rodent bioassays. Environ. Health Perspect. 101, 



References 

229 

347-482. 
 
McCormick, J.J. and Maher, V.M. (1989). Malignant transformation of mammalian 
cells in culture, including human cells. Environ. Mol. Mutagen. 14, 105-113. 
 
McCormick, J.J. and Maher, V.M. (1994). Analysis of the multistep process of 
carcinogenesis using human fibroblasts. Risk Anal. 14, 257-263. 
 
Meyer, A.L. (1983). In vitro transformation assays for chemical carcinogens. Mutat. 
Res. 115, 323-338. 
 
Migliore, L., Cocchi, L., Nesti, C. and Sabbioni, E. (1999). Micronuclei assay and FISH 
analysis in human lymphocytes treated with six metal salts. Environ. Mol. Mutagen. 34, 
279-284. 
 
Migliore, L., Frenzilli, G., Nesti, C., Fortaner, S. and Sabbioni, E. (2002). Cytogenetic 
and oxidative damage induced in human lymphocytes by platinum, rhodium and 
palladium compounds. Mutagenesis 17, 411-417. 
 
Minoia, C., Mazzuccotelli, A., Cavalleri, A. and Minganti, V. (1983). Electrothermal 
atomisation atomic-absorption spectrophotometric determination of chromium(VI) in 
urine by solvent extraction separation with liquid anion exchangers. Analyst 108, 481-
484. 
 
Morton, W.E. and Dunnette, D.A. (1994). Health effects of environmental arsenic. In: 
Arsenic in the Environment. Part II: Human Health and Ecosystem Effects (Nriagu, 
J.O., editor), vol. 27, pp. 17-34. New York, USA: Wiley-Interscience. 
 
Mosmann, T. (1983). Rapid colorimetric assay for cellular growth and survival: 
application to proliferation and cytotoxicity assays. J. Immunol. Methods 65, 55-63. 
 
Murdoch, R.D. and Pepys, J. (1987). Platinum group metal sensitivity: reactivity to 
platinum group metal salts in platinum halide salt-sensitive workers. Ann. Allergy 59, 
464-469. 
 
O’Reilly, S., Walicka, M., Kohler, S.K., Dunstan, R., Maher, V.M. and McCormick, J.J. 
(1998). Dose-dependent transformation of cells of human fibroblast cell strain MSU-1.1 
by cobalt-60 gamma radiation and characterisation of the transformed cells. Radiat. Res. 
150, 577-584. 
 
Oldiges, H., Hochrainer, D. and Glaser, U. (1989). Long term inhalation study with 
Wistar rats and four cadmium compounds. Toxicol. Environ. Chem. 19, 217-222. 
 
Ono, H., Osamu, W. and Ono, T. (1981). Distribution of trace metals in nuclei and 
nucleoli of normal and regenerating rat liver with special reference to the different 
behaviour of nickel and chromium. J. Toxicol. Environ. Health 8, 947-957. 
 
Pienta, R.J. (1979). A hamster model system for identifying carcinogens. In: 
Carcinogens: Identification and Mechanism of Action (Griffin, A.C. and Shaw, C.R., 



References 

230 

editors), pp. 121-141. New York, USA: Raven Press. 
 
Pienta, R.J. (1981). Transformation bioassay employing cryopreserved hamster embryo 
cells. In: Advanced Modern Environmental Toxicology: Mammalian Cell 
Transformation by Chemical Carcinogens (Mishura, N., editor), vol. 1, pp. 47-83. USA. 
 
Pienta, R.J., Poiley, J.A. and Lebherz, W.B. (1977). III. Morphological tranformation of 
early passage golden Syrian hamster embryo cells derived from cryopreserved primary 
cultures as a reliable in vitro assay for identifying diverse carcinogens. J. Natl. Cancer 
Inst. 19, 642-655. 
 
Pietra, R., Fortaner, S., Sabbioni, E., Apostoli, P., Minoia, C. and Nicolotti, A. (1994). 
Elementi in traccia e marmitte catalitiche: emissioni e potenziali effetti sulla salute. In: 
Valori di Riferimento di Elementi in Traccia e Sostanze di Interesse Biotossicologico 
(Minoia, C., Apostoli, P. and Sabbioni, E., editors), pp. 369-379. Morgan. 
 
Pitot, H.C. (1986). Fundamentals of Oncology. 3rd edition. New York, USA: Marcel 
Dekker. 
 
Pitot, H.C. and Dragan, Y.P. (1996). Chemical carcinogenesis. In: Casarett and Doull’s 
Toxicology: the Basic Science of Poisons (Doull, J., Klaassen, C.D. and Amdur, M.O., 
editors), 2nd edition, pp. 201-265. New York, USA: Macmillan. 
 
Purchase, I.F.H. (1992). Industry’s needs for in vitro toxicology: a personal view. In: In 
Vitro Methods in Toxicology (Jolles, G. and Cordier, A., editors), pp. 535-542. London, 
UK: Academic Press. 
 
Purchase, I.F.H. (1996). In vitro toxicology methods in risk assessment. ATLA 24, 325-
331. 
 
Reed, L.J. and Münch, H.A. (1938). A simple method of estimating fifty per cent 
endpoints. Am. J. Hyg. 27, 439-497. 
 
Reid, L.C.M. (1979). Cloning. In: Methods in Enzymology, vol. 83, pp. 152-164. New 
York, USA: Academic Press. 
 
Reznikoff, C.A., Bertram, J.S., Brankow, D.W. and Heidelberger, C. (1973). 
Quantitative and qualitative studies of chemical transformation of cloned C3H mouse 
embryo cells sensitive to postconfluence inhibition of cell division. Cancer Res. 33, 
3239-3249. 
 
Rivedal, E. and Sanner, T. (1981). Metal salts as promoters of in vitro morphological 
transformation of hamster embryo cells initiated by Benzo(a)pyrene. Cancer Res. 41, 
2950-2953. 
 
Rivedal, E., Roseng, L.E. and Sanner, T. (1990). Vanadium compounds promote the 
induction of morphological transformation of hamster embryo cells with no effect on 
gap junctional cell communication. Cell Biol. Toxicol. 6, 303-314. 
 



References 

231 

Rosenberg, B., VanCamp, L., Trosko, J.E. and Mansour, V.H. (1965). Platinum 
compounds: a new class of potent antitumour agents. Nature 222, 385-386. 
 
Roshchin, A.V., Veselov, V.G. and Panova, A.I. (1984) Industrial toxicology of metals 
of the platinum group. J. Hyg. Epidemiol. Microbiol. Immunol. 28, 17-24. 
 
Rundell, J.O. (1984). In vitro transformation assays using mouse embryo cell lines: 
BALB/c-3T3 cells. In: Carcinogenesis and Mutagenesis Testing (Douglas, J.F., editor), 
pp. 279-285. Clifton, USA: Humana Press. 
 
Russel, W.M.S. and Burch, R.L. (1959). The Principles of Humane Experimental 
Technique. London, UK: Methuen. 
 
Ryberg, D. and Alexander, J. (1990). Mechanisms of chromium toxicity. Chem. Biol. 
Interact. 75, 141-151. 
 
Sabbioni, E. and Balls, M. (1995). Use of cell cultures and nuclear and radioanlytical 
techniques for environmental, occupational, and biomedical metal toxicology research 
at the JRC-Ispra in The World Congress on Alternatives and Animal Use in the Life 
Sciences: education, research, testing. In: Alternative Methods in Toxicology and the 
Life Sciences (Goldberg, A.M. and van Zutphen, L.F.M., editors), vol. 11, pp 101-108. 
New York, USA: Mary Ann Liebert. 
 
Sabbioni, E., Endel, J. and Goetz, L. (1985). Trace metal speciation in environmental 
toxicology research. Nutr. Res., suppl. 1, 32-43. 
 
Sabbioni, E., Edel, J., Goetz, L. and Pietra, R. (1987). Environmental and biochemical 
trace-metal speciation studies by radiotracers and neutron activation analysis. Biol. 
Trace Elem. Res. 12, 199-209. 
 
Sabbioni, E., Pozzi, G., Pintar, A., Casella, L. and Garattini, S. (1991a). Cellular 
retention, cytotoxicity and morphological transformation by vanadium(IV) in Balb/3T3 
cell line. Carcinogenesis 12, 47-52. 
 
Sabbioni, E., Fischbach, M., Pozzi, G., Pietra, R., Gallorini, M. and Piette, J.L. (1991b). 
Cellular retention, toxicity and carcinogenic potential of seafood arsenic. I. Lack of 
cytotoxicity and transforming activity of arsenobetaine in the BALB/3T3 cell line. 
Carcinogenesis 12, 1287-1291 
 
Sabbioni, E., Pozzi, G., Devos, S., Pintar, A., Casella, L. and Fishbach, M. (1993) The 
intensity of vanadium(V)-induced cytotoxicity and morphological transformation in 
Balb/3T3 cells is dependent on glutathione-mediated bioreduction to vanadium(IV). 
Carcinogenesis 14, 2565-2568. 
 
Sabbioni, E., Minoia, C., Pietra, R., Mosoni, G., Forni, A. and Scansetti, G. (1994). 
Metal determinations in biological specimens of diseased and non-diseased hard metal 
workers. Sci. Total Environ. 150, 41-54. 
 
Sabbioni, E., Balls, M., Pietra, R. and Fortaner, S. (1999). The IMETOX Project. Third 



References 

232 

World Congress on Alternatives and Animal Use in the Life Science, 29th August – 2nd 
September, 1999, Bologna (Italy), p.107. 
 
Saffiotti, U., Bignami M., Bertolero F., Cortesi, F., Ficarella, C. and Kaighn, M.E. 
(1984). Studies on chemically induced neoplastic transformation and mutation in the 
Balb/3T3 Cl A 31-1-1 cell line in relation to the quantitative evaluation of carcinogens. 
Toxicol. Pathology 12, 383-390. 
 
Sakamoto, Y., Takeda, Y., Takagi, H., Tsuchiya, T., Shoji, A., Miyazaki, K. and 
Umeda, M. (1999). Inhibition of focus formation of transformed cloned cells by contact 
with non-transformed BALB/c 3T3 A31-1-1 cells. Cancer Lett. 136, 159-165. 
 
Sanderson, C.J. (1982). Applications of 51Chromium in cell biology and medicine. In: 
Topics in Environmental Health: Biological and Environmental Aspects of Chromium 
(Langård, S., editor), vol. 5, pp. 101-116. Amsterdam, The Netherlands: Elsevier 
Biomedical Press. 
 
Schechtman, L.M. (1985). Balb/c3T3 cell transformation: protocols, problems and 
improvements. In: Transformation Assay of Established Cell Lines: Mechanisms and 
Application. IARC Scientific Publications N°67 (Kakunaga, T. and Yamasaki, H., 
editors), pp. 165-184. Lyon, France: IARC. 
 
Schwartzam, R.A. and Cidlowski, J.A. (1993). Apoptosis: the biochemistry and 
molecular biology of programmed cell death. Endocrine Rev. 14, 133-151. 
 
Sekiguchi, I., Suzuki, M., Tamada, T., Shinomiya, N., Tsuru, S. and Murata, M. (1996). 
Effects of cisplatin on cell cycle kinetics, morphological change, and cleavage pattern of 
DNA in two human ovarian carcinoma cell lines. Oncol. 53, 19-26. 
 
Selvaratnam, G. and Philips, R.H. (1997). Adverse effects of cytotoxics-platinum 
agents. Adverse Drug React. Toxicol. Rev. 16, 171-197. 
 
Shi, Z.C. (1998). Platinosis. Environ. Occup. Toxicol. 1987, 133-135. 
 
Shiomi, K. (1994). Arsenic in marine organisms: chemical forms and toxicological 
aspects. In: Arsenic in the Environmet, Part II: Human Health and Ecosystem Effects 
(Nriagu, J.O., editor), vol. 27, pp. 261-282. New York, USA; Toronto, Canada: Wiley-
Interscience. 
 
Shiomi, K., Horiguchi, Y. and Kaise, T. (1988). Acute toxicity and rapid excretion in 
urine of tetramethylarsonium salts found in some marine animals. Appl. Organomet. 
Chem. 2, 385-389. 
 
Singh, J., Carlisle, D.L., Pritchard, D.E. and Patierno, S.R. (1998). Chromium-induced 
genotoxicity and apoptosis: relationship to chromium carcinogenesis. (Review). Oncol. 
Rep. 5, 1307-1318. 
 
Smith, A.H., Arroyo, A.P., Mazumder, D.N.G., Kosnett, M.J., Hernandez, A.L., Beeris, 
M., Smith, M.M. and Moore, L.E. (2000). Arsenic-induced skin lesions among 



References 

233 

Atacameno people in Northern Chile despite good nutrition and centuries of exposure. 
Environ. Health Perspect. 108, 617-620. 
 
Smolle, J., Helige, C. and Tritthart, H.A. (1992). An image analysis and statistical 
evaluation program for the assessment of tumor cell invasion in vitro. Anal. Cell. 
Pathol. 4, 49-57. 
 
Swierenga, S.H.H. and Yamasaki, H. (1992). Performance of tests for cell 
transformation and gap-junction intercellular communication for detecting non-
genotoxic carcinogenic activity. In: Mechanisms of Carcinogenesis in Risk 
Identification. IARC Scientific Publications N°116 (Vainio, H., McGee, P.N., 
McGregor, D.B. and McMichael, A.J., editors), pp. 165-193. Lyon, France: IARC. 
 
Talman, E.G., Kidani, Y., Mohrmann, L. and Reedijk, J. (1998). Can Pt(IV)-amine 
complexes act as “prodrugs”? Inorg. Chim. Acta 283, 251-255. 
 
Templeton, D.M., Ariese, F., Cornelis, R., Danielsson, L.G., Muntau, H., van Leeuwen, 
H.P. and Lobinski, R. (2000). Guidelines for terms related to chemical speciation and 
fractionation of elements. Definitions, structural aspects, and methodological 
approaches. (IUPAC Recommendations 2000). Pure Appl. Chem. 72, 1453-1470. 
 
Trump, B.F. and Berezesky, I.K. (1995). Calcium-mediated cell injury and cell death. 
FASEB J. 9, 219-228. 
 
Trynda, L. and Kuduk-Jaworska, J. (1994). Impact of K2PtCl4 on the structure of human 
serum and its binding ability of heme and bilirubin. J. Inorg. Bioch. 53, 249-260. 
 
Tsuchiya, T. and Umeda, M. (1995). Improvement in the efficiency of the in vitro 
transformation assay method using Balb/3T3 A31-1-1 cells. Carcinogenesis 8, 1887-
1894. 
 
Tsuchiya, T. and Umeda, M. (1997). Relationship between exposure to TPA and 
appearance of transformed cells in MNNG-initiated transformation of Balb/c 3T3 cells. 
Int. J. Cancer 73, 271-276. 
 
Tsutsui, T., Hayashi, N., Maizumi, H., Huff, J. and Barrett, J.C. (1997). Benzene-, 
catechol-, hydroquinone- and phenol-induced transformation, gene mutations, 
chromosome aberrations, aneuploidy, sister-chromatid exchanges and unschedulded 
DNA synthesis in Syrian hamster embryo cells. Mutat. Res. 373, 113-123. 
 
USEPA, 1991. Technical Support Document for Water Quality-Based Toxics Control 
EPA/505/2-90-001, PB91-127415. Washington, DC, USA: United States Environmental 
Protection Agency, Office of Water. 
 
Vahter, M. (1999). Variation in human metabolism of arsenic. In: Arsenic Exposure and 
Health Effects (Chappell, W.R., Abernathy, C.O. and Calderon, R.L., editors), 1st 
edition, pp. 267-279. New York, USA: Elsevier Science. 
 
Vahter, M., Marafante, E. and Denker, L. (1983). Metabolism of arsenobetaine in mice, 



References 

234 

rats and rabbits. Sci. Total Environ. 30, 197-211. 
 
Vermes, I., Haanen, C., Steffens Nakken, H. and Reutelingsperger, C. (1995). A novel 
assay for apoptosis. Flow cytometric detection of phosphatidylserine expression on 
early apoptotic cells using fluorescein labelled Annexin V. J. Immunol. Methods 184, 
39-51. 
 
Voitkun, V., Zhitkovich, A. and Costa, M. (1998). Cr(III)-mediated cross-links of 
glutathione or amino acids to the DNA phosphate backbone are mutagenic in human 
cells. Nucleic Acid Res. 26, 2024-2030. 
 
Walum, E., Stenberg, K. and Jenssen, D. (1990). Validation and perspectivity. In: 
Understanding Cell Toxicology. Principles and Practice, pp. 172-179. Ellis Horwood. 
 
Watanabe, K., Jinnouchi, K., Hess, A., Michel, O., Baba, S. and Yagi, T. (2002). 
Carboplatin induces less apoptosis in the cochlea of guinea pigs than cisplatin. 
Chemother. 48, 82-87. 
 
Weiss, R.B. and Christian, M.C. (1993). New cisplatin analogues in development: a 
review. Drugs 46, 360-377. 
 
Wiegand, H.J., Ottenwälter, H. and Bolt, H.M. (1984). The reduction of chromium (VI) 
to chromium (III) by glutathione: an intracellular redox pathway in the metabolism of 
the carcinogen chromate. Toxicology 33, 341-348. 
 
Williams, R.J.P. (1989). Missing information in bio-organic chemistry. Coordination 
Chem Rev. 79, 175-193. 
 
Worth, A.P. and Balls, M. (2001). The importance of the prediction model in the 
validation of alternative tests. ATLA 29, 135-143. 
 
Worth, A.P. and Balls, M. (2002). Alternative (non-animal) methods for chemicals 
testing: current status and future prospects (Worth, A.P. and Balls, M., editors). ATLA 
30, suppl. 1, 1-9. 
 
Wyllie, A.H. (1980). Glucocorticoid-induced thymocyte apoptosis is associated with 
endogenous endonuclease activation. Nature 284, 555-556. 
 
Yamasaki, H. and Enomoto, T. (1985). Role of intercellular communication in BALB/c 
3T3 cell transformation. Carcinogenesis 9, 179-194. 
 
Yamasaki, H., Hollstein, M., Mesnil, M., Marte, N. and Aguelon, A.M. (1987). 
Selective lack of intercellular communication between transformed and nontransformed 
cells as a common property of chemical and oncogene transformation of BALB/c 3T3 
cells. Cancer Res. 47, 5658-5664. 
 
Yamasaki, H., Mesnil, M. and Nakazawa, H. (1992). Interaction and distinction of 
genotoxic and non-genotoxic events in carcinogenesis. Toxicol. Lett. 64/65, 597-604. 
 



References 

235 

Yamauchi, H., Takahashi, K., Yamamura, T. and Kaise, T. (1989). Metabolism and 
excretion of orally and intraperitoneally administered trimethylarsine oxide in the 
hamster. Toxicol. Environ. Chem. 22, 69-76. 
 
Ye, J., Wang, S., Leonard, S.S., Sun, Y., Butterworth, L., Antonini, J., Ding, M., 
Rojanasakul, Y., Vallyathan, V., Castranova, V. and Shi, X. (1999). Role of reactive 
oxygen species and p53 in chromium(VI)-induced apoptosis. J. Biol. Chem. 274, 
24974-24980. 
 
Yuspa, S.H. and Poirier, M.C. (1988). Chemical carcinogenesis: from animal models to 
molecular models, in one decade. Adv. Cancer Res. 50, 25-70. 




