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The impacts of radiological and chemical toxicity from naturally occurring radionuclides are discussed in
the context of protecting freshwater ecosystems from radiation exposure. The present study aimed to
determine the toxicity of 232Th and it stable chemical analogue Ce to the green alga Chlorella vulgaris Bei-
jerinck (thermophilic strain). Parameters of the regression equation for the concentration-effect relation-
ship and concomitant Effective concentration (50%), EC50, showed that 232Th was more toxic to chlorella
after a 24-h exposure than Ce. However, the No-observable-effect concentration (NOEC) and Lowest-
observable-effect concentration (LOEC) for 232Th were approximately equal to those for Ce. NOEC, LOEC
and EC50 for 232Th were 1.6 lM, 2.2 lM and 15.4 respectively. Those for Ce were 1.8, 2.1 and 35.7 lM
respectively. Consideration of the results obtained suggests differences in the main detoxification path-
ways of 232Th and Ce (III). It was found that 0.02 mM caffeine (used as DNA metabolism disturbance
reagent) has no effect on Ce toxic action, but 0.02 mM BSO (as a selective inhibitor of c-ECS, a glutathione
biosynthetic pathway enzyme) enhanced it. In contrast, 0.02 mM caffeine significantly increased the
toxic action of 232Th, but 0.02 mM BSO has no effect on it. The peculiarities mentioned were suggested
to be caused by differences in the physicochemical properties of the elements. The combined potential
detrimental effect of 232Th acting both as a radiation source (a-, b- and c-emitter) and a chemically toxic
element is discussed.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Thorium-232 is a primordial radionuclide occurring ubiqui-
tously in the environment with a half-life of 1.4�1010 years. The
radionuclide is an a – (90%), b – (1%) and c – (9%) emitter (Seaborg,
1954). Furthermore, 232Th is a chemically toxic heavy metal (Riab-
chikov and Golbraih, 1960) and the relative importance of modes
of biological action arising from chemical versus radiation expo-
sures is poorly explored at the present time.

The activity concentration of 232Th in soil varies from
20 Bq kg�1 dry weight for background sites (Sheppard et al.,
2008) up to 140–1240 Bq kg�1 in areas of high level natural back-
ground radiation (Ramli et al., 2005; Singh et al., 2009). There are
some regions on earth which have high background radiation lev-
els due to enhanced levels of 232Th decay series radionuclides.
Examples include locations within Australia, Brazil, China, France,
India and Italy (Malanca et al., 1993; Paschoa et al., 1993). Rare
mineral deposits rich in thorium in the Russia Federation are lo-
ll rights reserved.
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cated in the Altai Ridge, Ural Mountains, Timan Ridge and the Kola
Peninsula (Vinogradov, 1959).

Enhanced concentrations of radionuclides from the 232Th decay
series in soils and rocks have resulted in pollen sterility, morpho-
logical abnormalities and increased frequency of cytogenetic dam-
age both in somatic and generative plant cells (Nayar et al., 1970).

Concentrations of 232Th in natural water sources vary over a
wide range. Typically, surface and groundwater exhibit low 232Th
concentrations in the range 0.009–2.9 lg L�1 (Kochhann et al.,
2009), but water contaminated by drainage from uranium and iron
ore mines in southeastern Brazil exhibit levels of 232Th in the range
800–1400 lg L�1 (3.3–5.8 Bq L�1) (Veado et al., 2006). Thorium-
232 concentrations in river and stream water range from 0.2 lg L�1

(0.001 Bq L�1) (Zhang et al., 2005) up to 0.48 mg L�1 (2 Bq L�1), and
levels as high as 0.66 mg L�1 (2.7 Bq L�1) have been measured in
stagnant reservoirs (Ramli et al., 2005).

Concentration ratios for 232Th for different water plant species
are high and can be more than unity but tend to vary over a wide
range (Sheppard et al., 2008): from hundreds for higher aquatic
plant species up to several hundred thousands for phytoplankton
(Marchiulioniené et al., 1986). However, the toxicity of 232Th
for freshwater plants is poorly characterized. Only two studies
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are recorded in the ERICA radiation effects database (Copplestone
et al., 2008) for low level c-radiation exposure from 232Th as an
external source to alga Synechococcus lividus (Conter et al., 1984,
1986), but there are no data on incorporated 232Th effects on fresh-
water plants.

A number of studies have focused on biological effects from Ce
exposure of aquatic organisms. There are essential similarities be-
tween the chemistry of Ce (III) and that of Th (Cotton and Wilkin-
son, 1988). Th and Ce have similar electron configurations: 5f2 7s2

and 4f2 6s2, respectively, and their ionic radii are also of similar
dimensions, specifically 0.99 and 1.03 Å (Cotton and Wilkinson,
1988). These similarities in outer electron configurations and ionic
radii of the elements result in a common environmental behavior
of Ce and Th (Vinogradov, 1959). Earlier investigations on the
chemical properties of Th and Ce have indicated that their toxicity
is caused by an ability to form water-soluble complex compounds
with amino acids and organic acids, and insoluble compounds with
phosphates, carbonates and oxalates. Furthermore, both elements
form complex compounds with isolated DNA via phosphate groups
(Riabchikov and Golbraih, 1960). It is of interest to consider
whether similarities in the chemical toxicity of Th and Ce deter-
mined in vitro would be detected in the case of live organisms,
bearing in mind that, in contrast to stable Ce, 232Th is both a chem-
ically toxic heavy metal and an a-, b- and c-emitter. We hypothe-
size that due to differences in physicochemical properties the
toxicity and the main detoxification pathways might differ be-
tween 232Th and its stable chemical analogue Ce (III), when effects
are observed in vivo. The aims of the present study were:

� to determine the toxicity of 232Th and Ce (III) to the freshwater
green alga Chlorella vulgaris;
� to investigate in vivo, the role of the glutathione pathway and

DNA metabolism disturbances for this freshwater alga in
response to exposures from 232Th and Ce (III).

2. Materials and methods

2.1. Reagents

232Th was used in the form of Th(NO3)4�4H2O (pure analytical
grade, Izotop, Russia). The stable isotope of Ce was used in the form
of Ce(NO3)3�6H2O (pure analytical grade, Reaktiv, Russia). Caffeine
(C8H10N4O2) (99%, Sigma) and DL-buthionine-(S,R)-sulfoximine
(C8H18N2O3S) (98%, Sigma) were used. Reagents for Tamija med-
ium were chemically pure grade (Vekton, Russia). All solutions
were prepared with distilled water.

2.2. Cells and growth conditions

Chlorella vulgaris – unicellular freshwater green alga – is a use-
ful test object to study toxicity of water soluble compounds, met-
als, radionuclides and other pollutants (Shehata et al., 1999;
Franklin et al., 2002; Hogan et al., 2005). A thermophilic strain of
Ch. vulgaris Beijerinck, S-39/64688, was obtained from the algal
collection of the Institute of Biology, St. Petersburg State University
(Russian Federation). Chlorella cells were grown at 37 �C for 1 d in
Tamija liquid medium under continuous illumination 1400 l�.

2.3. Assessment of chlorella biomass production

An increase in alga biomass production can be quantified using
optical density measurements (Converti et al., 2009). Therefore, in-
creases in chlorella biomass production were determined by opti-
cal density measurements at 670 nm with a spectrophotometer
Spectrumlab SS 2107 (LEKI instruments, Finland).
2.4. Toxicant solutions

Stock solutions of toxicants were 0.77 mM 232Th as thorium ni-
trate or 0.71 mM Ce (III) as cerium nitrate. All the concentrations
tested were obtained by stock dilution with distilled water. The
following concentration ranges were used: 0.001–28.013 lM
232Th and 0.036–71.367 lM Ce.
2.5. General toxicity test

Before toxicity testing, the alga culture was diluted with Tamija
medium to an optical density of 0.140 ± 0.005 and carefully mixed.
Then, 0.25 mL of the alga suspension was inoculated in 6 mL of dis-
tilled water (control sample) or toxicant solutions (experimental
sample). The suspension’s optical density at the beginning of all
experiments was about 0.006, corresponding to 154 000 ± 26 000
chlorella cells per mL, in each experimental and control sample.
Cell numbers were determined with a hematocytometer. Alga cell
culture in exponential growth phase was used for all experiments.

All experiments were conducted in a propagator where flasks
with control and experimental samples were maintained at a con-
stant temperature of 37 ± 0.5 �C, continuous illumination 1400 l�
and CO2 content in air of approximately 0.03%. Six replicates were
made for each concentration of toxicant. Control and experimental
samples were tested simultaneously. The experiments lasted 24 h.
2.6. The choice of modifying reagents

To investigate the role of the glutathione pathway and DNA
metabolism disturbances in the freshwater alga response to expo-
sures to 232Th and Ce (III), two modifying reagents were chosen:
DL-buthionine-(S,R)-sulfoximine (BSO) and caffeine. DL-buthio-
nine-(S,R)-sulfoximine (BSO) is a selective inhibitor of c-glutamyl-
cysteine synthetase (c-ECS), a glutathione biosynthetic pathway
enzyme (Griffith and Meister, 1979). BSO was used as a tool to
determine the depletion of glutathione and to investigate the role
of phytochelatin (PCs) biosynthesis in detoxification of heavy met-
als (Grill et al., 1987; Reese and Wagner, 1987; Gussarson et al.,
1996). Caffeine sensitizes cells to the lethal and mutagenic effects
of DNA-damaging reagents due to DNA metabolism disturbances
(Kaufmann et al., 2003) such as: binding to damaged regions of
DNA (Lehmann, 1972; Downes et al., 1990); interference with
DNA repair enzymes (Selby and Sancar, 1990) and with the supply
of purine nucleotides needed for repair (Waldren and Patterson,
1979). Caffeine also affects cell cycle function and perturbs key cell
cycle regulatory proteins (Bode and Dong, 2007).
2.7. The choice of modifying reagent concentrations

Preliminary experiments demonstrated no significant decrease
in chlorella biomass production after 24 h exposure to BSO concen-
trations ranging from 0.02 up to 0.3 mM. A concentration of
0.02 mM BSO has been shown to inhibit glutathione synthesis
in vitro (Griffith and Meister, 1979) and was therefore used to
study the role of the glutathione pathway in detoxification of
232Th and Ce.

Similarly no significant decrease in chlorella biomass produc-
tion after 24 h exposure to caffeine concentrations ranging from
0.02 up to 1.3 mM was observed. Therefore, 0.02 mM caffeine
(the same as for BSO) was selected to estimate the role of DNA
metabolism disturbances in the response of chlorella to exposures
to 232Th or Ce.
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2.8. Toxicity test procedure modified by BSO or caffeine

Experiments with BSO and caffeine were carried out under the
same conditions as a general toxicity test. Thus, every flask con-
tained 0.25 mL of the alga suspension (with an optical density
0.140 ± 0.005) and 6 mL of one of following solutions:

� distilled water (control sample 1).
� 0.02 mM BSO or 0.02 mM caffeine (control sample 2).
� 0.02 mM BSO + metal toxicant or 0.02 mM caffeine + metal tox-

icant (experimental sample).

The absence of any significant difference between the optical den-
sity of control sample 1 and sample 2 was monitored for each
experiment.

2.9. Toxicity assessment

232Th and Ce toxicity (%) was calculated as the optical density
ratio:

Dr ¼ Dexp:=Dcont: � 100; ð1Þ

where Dexp. is the mean value of the optical density of the experi-
mental sample; Dcont. is the mean value of the optical density for
chlorella suspension after 24 h growth in distilled water (control
sample 1) or in 0.02 mM BSO or 0.02 mM caffeine (control sample
2).

2.10. Data statistical analysis

Statistical analyses were performed with the SPSS program
(Version 16; Tabachnick and Fidell, 2006). The significance of the
differences between the optical density of the control and that of
the experimental samples were established using the One-Way
ANOVA Post Hoc multiple comparisons analysis (Dunnett’s test).
To calculate an effective concentration resulting in a 50% decrease
in chlorella biomass production (EC50), probit analysis was used.

Regression analyses were applied to identify the shapes of rela-
tionships between biological effect levels and metal toxicant con-
centration in the growth medium. To test the significance of the
coefficient of determination (R2) whether decreasing or increasing,
the Hayek criterion (Gofman, 1990) was applied:

H ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l R2

np0 � R2
np00

� �

1� R2
np0

vuuut ; R2
np0 > R2

np00 ð2Þ

where R2
np0 and R2

np00 corresponded to regression models with np0 and
np00 parameters, l = N � np0 � 1 – degrees of freedom of the regres-
sion model constructed on the whole set of np0 explanatory vari-
ables. H-statistics follow the Student distribution.

3. Results

3.1. Toxicity of 232Th and Ce to Chlorella vulgaris

Risk management procedures for environmental toxicants com-
monly rely on effects assessments based on the determination of
threshold values, e.g. no observed effect concentrations (NOECs)
and estimations of the concentration–response relationships for a
single substance (Cassee et al., 1998). To compare the toxicity of
232Th and its stable chemical analogue Ce (III) to chlorella, both cri-
teria were used. Statistically significant changes in alga biomass
production compared with the control under 232Th treatment (Ta-
ble 1, Fig. 1) were not observed in a range of concentrations from
0.001 up to 1.60 lM. Thus the no-observable-effects concentration
(NOEC) was 1.6 lM. The lowest-observable-effect 232Th concentra-
tion (LOEC) causing a statistically significant (p < 0.05) toxic effect
was 2.2 lM. The EC50 value for 232Th was 15.4 lM.

The NOEC and LOEC (1.8 and 2.1 lM, respectively) for Ce were
similar to those for 232Th. In contrast, EC50 value for Ce was
35.8 lM, much higher than for 232Th (Table 1, Fig. 2).

The goodness-of-fit and suitability of the models applied in
determining the relationship between Dr-values and concentra-
tions of 232Th or Ce were compared using several statistical tests
presented in Table 2. All chosen models were able to fit the data
satisfactorily (pF < 0.001). The improvement in data fitting with
the linear and non-linear models was supported by the Hayek cri-
teria. The Hayek criteria value showed that the R2 calculated for the
exponential model was significantly higher than that for the linear
and quadratic models (p < 0.05). In addition exponential model
yielded a lower value of residual sum of squares than the linear
and quadratic models. Thus, the exponential model provides the
best result in describing the empirical dependencies between
232Th (Fig. 3) or Ce (Fig. 4) concentrations and Chlorella biomass
growth data set.

Regression equations for these models after linear transforma-
tion were as follows:

LnY1 ¼ 98:99� 0:05½232Th� ð3Þ
LnY2 ¼ 86:40� 0:02½Ce� ð4Þ

where Y1 – Dr-values (form Eq. (1)) for 232Th toxic effect estimation;
Y2 – Dr-values for Ce toxic effect estimation; [232Th] and [Ce] – con-
centrations of 232Th or Ce, respectively.

The value of the regression coefficients in Eqs. (3) and (4) indi-
cate that increasing the 232Th concentration by 1 lM results in a
decrease in the Chlorella biomass production by 0.05%. Increasing
the Ce exposure by a similar concentration leads to a decrease of
0.02% in biomass.

3.2. Modification by BSO toxic effects of 232Th and Ce

The NOEC and LOEC for 232Th in the presence of BSO were 1.1
and 1.3 lM, respectively, which were both lower than measured
when Chlorella was exposed to 232Th alone. The EC50 values, in con-
trast, were not significantly different (Table 1). There were no sub-
stantial changes in the regression equation describing the
relationship between the 232Th concentrations and Chlorella bio-
mass growth in the presence of BSO compared with the equation
characterizing response for the exposure by 232Th alone (Fig. 3):

LnY3 ¼ 95:81� 0:05½232Th� ð5Þ

where Y3 – Dr-values when 232Th and BSO were both present.
By comparison, NOEC, LOEC, and EC50 calculated for Ce in the

case of simultaneous exposures with BSO were significantly
(p < 0.05) lower than those obtained for Ce exposure (Fig. 2, Ta-
ble 1) in isolation. Furthermore, the value of the regression coeffi-
cient in the equation indicated that BSO increases the toxic effect
of Ce (Fig. 4):

LnY4 ¼ 79:08� 0:03½Ce� ð6Þ

where Y4 – Dr-values for Ce and BSO were both present.

3.3. Modification by caffeine toxic effects of 232Th and Ce

The LOEC of 232Th where the exposure occurred in the presence
of caffeine was found to be about four times lower than in the case
of simultaneous treatment with BSO and seven times lower than
the LOEC for 232Th exposures in isolation (Table 1). The EC50 calcu-
lated for the combined exposure to 232Th and caffeine was signifi-
cantly (p < 0.05) lower than that obtained for 232Th alone. The



Table 1
NOEC, LOEC, EC50 of 232Th and Ce separate and combined with 0.02 mM BSO or 0.02 mM caffeine 24 h exposure on Chlorella vulgaris.

Experiment variant NOEC (lM) LOEC (lM) EC50 (lM) 95% confidence limits for EC50

232Th 1.6 2.2 15.4 13.9–17.1
232Th + BSO 1.1 1.3 17.0 14.8–19.6
232Th + caffeine 0.2 0.3 2.9 2.2–3.9
Ce 1.8 2.1 35.8 26.7–39.5
Ce + BSO 0.7 1.0 17.7 12.7–25.9
Ce + caffeine 1.8 2.1 30.0 21.9–44.7

Fig. 1. Plot of decrease in Chlorella vulgaris biomass production mean value (Dr, Y-axis) after 24 h 232Th exposure. Open circles: no significant differences from control
(p > 0.05); closed circles: difference with control is significant at p < 0.05. NOEC – no-observable-effects concentration. LOEC – lowest-observable-effect concentration. EC50

values were calculated by probit analysis.

T. Evseeva et al. / Chemosphere 81 (2010) 1320–1327 1323
regression equation shows a substantial increase in 232Th toxicity
in the presence of caffeine (0.02 mM) (Fig. 3):

LnY5 ¼ 90:14� 0:27½232Th� ð7Þ

where Y5 – Dr-values for 232Th and caffeine combined effect
estimation.

In contrast, LOEC, EC50 and the parameters of the regression
equation for Ce in the presence of caffeine were not significantly
(p > 0.05) different from those for Ce alone (Table 1, Fig. 4).

LnY6 ¼ 90:00� 0:02½Ce� ð8Þ

where Y6 – Dr-values for Ce and caffeine combined effect
estimation.

4. Discussion

Progress has recently been made in understanding Ce toxicity
pathways to different plant and animal species. Cerium com-
pounds were shown to be oxidant toxic for mammals and plants
(Kawagoe et al., 2005). Oxidative stress induced by exposure to
Ce caused a production of antioxidants such as metallothioneins
(MT) and glutathione (GSH) in mouse liver (Kawagoe et al.,
2005). Cerium results in a significant increase in malondialdehyde
content and decrease in superoxide dismutase (SOD) and catalase
activities in Drosophila melanogaster (Huang et al., 2010). In plants
(Lemna minor L.) pretreated with rare earth elements (including
Ce) decreases in ascorbate and glutathione redox state and chloro-
phyll content and increases in lipid peroxidation (LPO) and reactive
oxygen species production levels occur (Ippolito et al., 2010).

There are a few published data on the biological effects of tho-
rium, whereas studies on the bioaccumulation of this element are
more numerous. Only two experimental studies were found where
biochemical and cytogenetic alterations in the silver catfish ex-
posed to different Th concentrations were investigated (Correa
et al., 2008; Kochhann et al., 2009). Chronic Th exposure caused
alterations in the oxidative parameters of silver catfish gills, which
were correlated with Th accumulation. For example, SOD activity
decreased and the LPO increased in fish exposed to 242.4 and
747.2 lg L�1 Th (i.e. 1.04 and 3.22 lM). In addition, levels of
glutathione-S-transferase (an enzyme catalyzing glutathione-



Fig. 2. Plot of decrease in Chlorella vulgaris biomass production mean value (Dr, Y-axis) after 24 h Ce exposure. Open circles: no significant differences from control (p > 0.05);
closed circles: difference with control is significant at p < 0.05. NOEC – no-observable-effects concentration. LOEC – lowest-observable-effect concentration. EC50 values were
calculated by probit analysis.

Table 2
Approximation quality indexes of experimental data obtained in toxicity tests with use of various model.

Test N Model np R2 SSres H*

Assessment of 232Th toxicity 37 Linear 2 0.93 1528 –
Quadratic 3 0.96 865 5.12c

Exponential 2 0.97 0.22 6.93c

Assessment of Ce toxicity 26 Linear 2 0.82 3078 –
Quadratic 3 0.85 2620 2.19a

Exponential 2 0.93 0.55 6.27c

Combined exposure 232Th with BSO 17 Linear 2 0.95 702 –
Quadratic 3 0.98 270 4.74c

Exponential 2 0.99 0.07 8.00c

Combined exposure Ce with BSO 19 Linear 2 0.67 4758 –
Quadratic 3 0.82 2662 3.76b

Exponential 2 0.87 0.70 5.26c

Combined exposure 232Th with caffeine 16 Linear 2 0.79 1863 –
Quadratic 3 0.89 1018 3.57c

Exponential 2 0.91 0.44 4.47c

Combined exposure Ce with caffeine 18 Linear 2 0.74 2845 –
Quadratic 3 0.84 1800 3.16b

Exponential 2 0.87 0.37 4.12c

Note: a model consider to be better than the linear one at ap < 0.05; bp < 0.01, cp < 0.001; �Hayek criteria value, calculated for exponential and quadratic model comparisons.
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dependent reduction of H2O2 (Noctor and Foyer, 1998)) decreased
in the gills of fish exposed to 747.2 lg L�1 Th.

Consideration of the abovementioned studies leads to the tenta-
tive suggestion that there are similarities between the response of
living organisms to Ce and Th exposures. Evidently, however, there
are also some differences between the main detoxification path-
ways of 232Th and Ce. The present study results showed that NOEC
and LOEC for 232Th were similar to those for Ce. Nonetheless, NOEC
is not a unique measure of substance toxicity (Chapman et al.,
1996) and may only be appropriate for regulatory use in a range



Fig. 3. Plot of linear-transformed exponential model showing relationship between
Chlorella vulgaris biomass production and 232Th concentration in case of 232Th
separate action (1), in presence of BSO (2), in presence of caffeine (3).

Fig. 4. Plot of linear-transformed exponential model showing relationship between
Chlorella vulgaris biomass production and Ce concentration in case of Ce separate
action (1), in presence of BSO (2), in presence of caffeine (3).
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characterized by low toxicant concentrations. To assess chemical
compound toxicity over a wider range of concentrations it is nec-
essary to determine parameters that correspond to the concentra-
tion–response relationship and EC50. Such estimations in our study,
demonstrated that 232Th is more toxic to Ch. vulgaris than stable Ce.
In addition, differences in the alga response to 232Th and Ce treat-
ments in combination with BSO or caffeine were detected. 232Th
toxicity over a range of effective concentrations (i.e. higher than
LOEC) does not change in the presence of 0.02 mM BSO whereas
the toxic effect of Ce increased. Overall, these data mean that set-
ting a benchmark for 232Th based only on it chemical toxicity with-
out considering radiological properties is not the most protective
strategy for the environment.

As mentioned above, BSO is a selective inhibitor of c-ECS, a glu-
tathione biosynthetic pathway enzyme (Griffith and Meister,
1979). Numerous physiological functions have been attributed to
glutathione in plants (Noctor et al., 1998), among them defense
against oxidative stress, action as an important redox buffer and
regulation of gene expression. Moreover, the principal pathway
for plants to sequester heavy metals involves the formation of
complexes with cysteine-rich peptides, called phytochelatins
(PCs) (Noctor et al., 1998). An inhibition of additional PCs synthesis
by BSO has been shown (Grill et al., 1987). Moreover, PCs were de-
tected in chlorella cells (Huang et al., 2009). Taking into account
the points considered above, we suggest that under our experi-
mental conditions the glutathione pathway (including PCs compo-
nent) is important for stable Ce detoxification. Further evidence for
this contention comes from the studies of Kawagoe (2005) and
Ippolito (2010) where Ce was able to induce oxidative stress
and thus to produce antioxidants such as metallothionein (MT)
and glutathione (GSH). Th exposure also causes alterations in the
oxidative parameters of cells and glutathione-S-transferase level
(Kochhann et al., 2009), but there are no data on the influence of
this radionuclide on MT or GSH biosynthesis. Our findings suggest
that the role of glutathione pathway in the detoxification of 232Th
is vanishingly small. In contrast to BSO, caffeine, as a reagent caus-
ing DNA metabolism disturbance considerably enhanced the toxic-
ity of 232Th in chlorella. The toxic effect of Ce, on the other hand,
appears not to be altered by the presence of caffeine.

These data suggest that DNA metabolism is an important pro-
cess for cells to survive after exposure to low concentrations of
Th. In contrast, stable Ce detoxification via the GSH-dependent
pathway is of greater importance. The peculiarities of alga re-
sponse to Th and Ce exposure may be caused by differences in
physicochemical properties of the elements. Furthermore, ionizing
radiation energy causes water molecules ionization and free radi-
cals formation that may enhance the adverse effect of Th and its
daughter decay products on chlorella cells. In addition, thorium
ions adsorbed onto cell walls could be considered as emitters with
high linear energy transfer. For example, linear energy transfer for
the principal radioactive emissions from the parent radionuclide
232Th is equal to 129 keV lm�1. A track length of 232Th a-particle
with average energy of 4 MeV is equal to 31 lm (Il’in et al.,
1996) whereas Ch. vulgaris cell’s diameter varies during life cycle
from 1.5 up to 13.5 lm (Franklin et al., 2002). Taking into account
that 34 eV is an average energy needed to form a pair of ions
(Il’in et al., 1996), we have calculated that each 232Th a-particle
can form 120 000 pair of ions until the particle energy would be
completely lost. All these events could result in primary DNA
damage, which is repaired under normal condition but possibly
partially is not restored when DNA metabolism has been disturbed
with caffeine.

The NOEC, LOEC and EC50 (1.6 lM L�1, 2.2 lM L�1 and 15.4
lM L�1) correspond to 232Th activity concentrations in water of
1.5 Bq L�1, 2.1 Bq L�1 and 14.4 Bq L�1, respectively. These activity
concentrations can be used to calculate radiation dose rates to
phytoplankton, through the application of appropriate exposure-
dosimetric models such as those provided within the ERICA Tool
(Brown et al., 2008). The dose calculations for this particular tool
are derived through the implementation of concentration factors
and dose conversion factors and results in (weighted) absorbed
doses corresponding to 140 lGy h�1 for the NOEC and 1.3 � 103

lGy h�1 for the EC50. Radiation studies specifically on microalgae
are limited, but our data corresponds to estimation (Andersson
et al., 2008) of dose rate relevant for protection of freshwater
algae populations (100 lGy h�1). Phytoplankton are considered
(UNSCEAR, 1996) to be relatively radioresistant compared to other
groups of plants and animals and from this one might contend
that a 10 lGy h�1 (Andersson et al., 2009) dose rate criteria is overly
conservative when applied specifically for this group of organisms.

Finally, the dose-rates considered within this study lie within a
range that is of interest from an environmental protection perspec-
tive, especially in relation to the setting of benchmarks and further
illuminate the ongoing debate (Mathews et al., 2009) concerning
the chemical versus radiological toxicity of long lived naturally
occurring radionuclides.
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5. Conclusions

1. Based on EC50 and regression equation parameters, 232Th was
more toxic to Ch. vulgaris after a 24-h exposure than its non-
radioactive chemical analogue Ce. In contrast NOEC and LOEC
values for 232Th were similar to those for Ce.

2. The main detoxification pathways of Ce (III) in Ch. vulgaris differ
from those for 232Th. The presence of 0.02 mM caffeine (DNA
metabolism disturbance reagent) has no effect on Ce toxicity,
but 0.02 mM BSO (selective inhibitor of c-ECS, a glutathione
biosynthetic pathway enzyme) enhances a negative response.
In contrast, 0.02 mM caffeine significantly increased 232Th tox-
icity, whereas the addition of 0.02 mM BSO to 232Th caused no
substantial difference to the alga response.
Acknowledgements

This work was supported by the Norwegian Research Council
(NFR) and forms part of the INTRANOR (Impact assessment of ele-
vated levels of natural/technogenic radioactivity on wildlife of the
North) project, Contract number 185134. The financial support of
the NFR is gratefully acknowledged.

References
Andersson, P., Beaugelin-Seiller, K., Beresford, N.A., Copplestone, D., Della Vedova,
C., Garnier-Laplace, J., Howard, B.J., Howe, P., Oughton, D.H., Wells, C. and
Whitehouse, P., 2008. Deliverable 5: Numerical Benchmarks for Protecting Biota
from Radiation in the Environment: Proposed Levels, Underlying Reasoning and
Recommendations Report for the PROTECT Project. EC Contract Number:
036425 (FI6R), Centre for Ecology & Hydrology – Lancaster, Lancaster.

Andersson, P., Garnier-Laplace, J., Beresford, N.A., Copplestone, D., Howard, B.J.,
Howe, P., Oughton, D., Whitehouse, P., 2009. Protection of the environment
from ionizing radiation in a regulatory context (PROTECT): proposed numerical
benchmark values. J. Environ. Radioact. 100, 1100–1108.

Bode, A.M., Dong, Z., 2007. The enigmatic effects of caffeine in cell cycle and cancer.
Cancer Lett. 247, 26–39.

Brown, J.E., Alfonso, B., Avila, R., Beresford, N.A., Copplestone, D., Pröhl, G.,
Ulanovsky, A., 2008. The ERICA tool. J. Environ. Radioact. 99 (9), 1371–
1383.

Cassee, F.R., Groten, J.P., van Bladeren, P.J., Feron, V.J., 1998. Toxicological evolution
and risk assessment of chemical mixtures. Crit. Rev. Toxicol. 28, 73–101.

Chapman, P.M., Cadwell, R.S., Chapman, P.F., 1996. A warning: NOECs are
inappropriate for regulatory use. Environ. Toxicol. Chem. 15, 77–79.

Conter, A., Dupouy, D., Planel, H., 1984. Influence of growth phase on radiation
stimulation of proliferation in Synechococcus lividus in culture. Radiat. Res. 99,
651–658.

Conter, A., Dupouy, D., Planel, H., 1986. Effects of dose rate on response of
Synechococcus lividus to very low doses of chronic gamma radiation: influence
of enzymatic equipment of starting cells. Radiat. Res. 105, 379–386.

Converti, A., Casazza, A.A., Ortiz, E.Y., Perego, P., Borghi, M., 2009. Effect of
temperature and nitrogen concentration on the growth and lipid content of
Nannochloropsis oculata and Chlorella vulgaris for biodiesel production. Chem.
Eng. Process. 48, 1146–1151.

Copplestone, D., Hingston, J.L., Real, A., 2008. The development and purpose of the
FREDERICA radiation effects database. J. Environ. Radioact. 99 (9), 1456–1463.

Correa, L.M., Kochhann, D., Becker, A.G., Pavanato, M.A., Llesuy, S.F., Loro, V.L., Raabe,
A., Mesko, M.F., Flores, É.M.M., Dressler, V.L., Baldisserotto, B., 2008.
Biochemistry, cytogenetics and bioaccumulation in silver catfish (Rhamdia
quelen) exposed to different thorium concentrations. Aquat. Toxicol. 88, 250–
256.

Cotton, F.A., Wilkinson, G., 1988. Advanced Inorganic Chemistry, second ed. revised
and augmented. Interscience publishers, Wiley & Sons, New York-London-
Sydney. pp. 1299.

Downes, C.S., Musk, S.R.R., Watson, J.V., Johnson, R.T., 1990. Caffeine overcomes a
restriction point associated with DNA replication, but does not accelerate
mitosis. J. Cell Biol. 110, 1855–1859.

Franklin, N., Stauber, J., Lim, R., Petocz, P., 2002. Toxicity of metal mixtures to a
tropical freshwater alga (Chlorella sp.): the effect of interactions between
copper, cadmium and zink on metal cell binding and uptake. Environ. Toxicol.
Chem. 21 (11), 2412–2422.

Gofman, J., 1990. Radiation-induced Cancer from Low Dose Exposure: An
Independent Analysis. CNR Book Division, San Francisco, 345 p.

Griffith, O.W., Meister, A., 1979. Potent and specific inhibition of glutathione
synthesis by buthionine sulfoximine (S-n-butyl homocysteine sulfoximine). J.
Biol. Chem. 254, 7558–7560.
Grill, E., Winnacker, E.L., Zenk, M.H., 1987. Phytochelatins, a class of heavy-metal-
binding peptides from plants, are functionally analogous to metallothioneins.
Proc. Natl. Acad. Sci., USA. 84, 439–443.

Gussarson, M., Asp, H., Adalsteinssoon, S., Jensen, P., 1996. Enhancement of
cadmium effects on growth and nutrient composition of birch (Betula
pendula) by buthionine sulphoximine (BSO). J. Exp. Bot. 47, 211–219.

Hogan, A.C., van Dam, R.A., Markich, S.J., Camilleri, C., 2005. Chronic toxicity of
uranium to a tropical green alga (Chlorella sp.) in natural waters and the
influence of dissolved organic carbon. Aquat. Toxicol. 75, 343–353.

Huang, Z., Li, L., Huang, G., Yan, Q., Shi, B., Xu, X., 2009. Growth-inhibitory and
metal-binding proteins in Chlorella vulgaris exposed to cadmium or zinc. Aquat.
Toxicol. 91, 54–61.

Huang, S., Li, Z., Wang, X., Wang, Q., Hu, F., 2010. Cerium caused life span shortening
and oxidative stress resistance in Drosophila melanogaster. Ecotox. Environ. Safe.
73, 89–93.

Il’in, L.A., Kirillov, V.F., Korenkov, I.P., 1996. Radiation Safety and Protection.
Reference-book. Medicina, Moscow, 336 pp (in Russian).

Ippolito, M.P., Fasciano, C., d’Aquino, L., Morgana, M., Tommasi, F., 2010. Responses
of antioxidant systems after exposition to rare earths and their role in chilling
stress in common duckweed (Lemna minor L.): a defensive weapon or a
boomerang. Arch. Environ. Contam. Toxicol. 58, 42–52.

Kaufmann, W.K., Heffernan, T.P., Beaulieu, L.M., Doherty, S., Frank, A.R., Zhou, Y.,
Bryant, M.F., Zhou, T., Luche, D.D., Nikolaishvili-Feinberg, N., Simpson, D.A.,
Cordeiro-Stone, M., 2003. Caffeine and human DNA metabolism: the magic and
the mystery. Mutat. Res. 532, 85–102.

Kawagoe, M., Hirasawa, F., Wang, S.C., Liu, Y., Ueno, Y., Sugiyama, T., 2005.
Orally administrated rare earth element cerium induces metallothionein
synthesis and increases glutathione in the mouse liver. Life Sci. 77, 922–
937.

Kochhann, D., Pavanato, M.A., Llesuy, S.F., Correa, L.M., Konzen Riffel, A.P., Loro, V.L.,
Mesko, M.F., Flores, M.M., Dressler, V.L., Baldisserotto, B., 2009. Bioaccumulation
and oxidative stress parameters in silver catfish (Rhamdia quelen) exposed to
different thorium concentrations. Chemosphere 77, 384–391.

Lehmann, A.R., 1972. Effect of caffeine on DNA synthesis in mammalian cells.
Biophys. J. 12, 1316–1325.

Malanca, A., Pessina, V., Dallara, G., 1993. Assessment of the natural radioactivity in
the Brazilian state of Rio Grande. Health Phys. 65, 298–302.

Marchiulioniené, D.P., Zemkaiené, R.R., Nyanishkiené, V.B., Kuznetsov, Yu.V., Legin,
V.K., Simonyak, Z.N., 1986. Accumulation of thorium by hydrophytes.
Radiobiologia 26, 356–359 (in Russian).

Mathews, T., Beaugelin-Seiller, K., Garnier-Laplace, J., Gilbin, R., Adam, C., Della-
Vedova, C., 2009. A probabilistic assessment of the chemical and radiological
risks of chronic exposure to uranium in freshwater ecosystems. Environ. Sci.
Technol. 43, 6684–6690.

Nayar, G.G., George, K.P., Gopal-Ayengar, A.R., 1970. On the biological effects of high
background radioactivity: studies on Tradescantia grown in radioactive
monazite sand. Radiat. Bot. 10, 287–292.

Noctor, G., Foyer, Ch.H., 1998. Ascorbate and glutathione: keeping active oxygen
under control. Ann. Rev. Plant Physiol. Plant Mol. Biol. 49, 249–279.

Noctor, G., Arisi, A.-C.M., Jouanin, L., Kunert, K.J., Rennenberg, H., Foyer, Ch.H., 1998.
Glutathione: biosynthesis, metabolism and relationship to stress tolerance in
transformed plants. J. Exp. Bot. 49, 632–647.

Paschoa, A.S., Eisenbud, M., Godoy, J.M., 1993. Radium availability in monazite
sands from two distinct sites. Radiat. Prot. Aust. 11, 162–164.

Ramli, A.T., Wahab, A., Hussein, M.A., Khalik, A., 2005. Wood Environmental 238U
and 232Th concentration measurements in an area of high level natural
background radiation at Palong, Johor, Malaysia. J. Environ. Radioact. 80, 287–
304.

Reese, R.N., Wagner, G.J., 1987. Effects of buthionine sulfoximine on Cd-binding
peptide levels in suspension-cultured tobacco cells treated with Cd, Zn or Cu.
Plant Physiol. 84, 574–577.

Riabchikov, D.I., Golbraih, E.K., 1960. Analytical Chemistry of Thorium. Publisher of
AS USSR, Moscow, 259 pp. (in Russian).

Seaborg, G.T., 1954.The Actinide Elements. New York, 700 pp.
Selby, C.P., Sancar, A., 1990. Molecular mechanisms of DNA repair inhibition by

caffeine. Proc. Natl. Acad. Sci. 87, 3522–3525.
Shehata, S.A., Lasheen, M.R., Kobbia, I.A., Ali, G.H., 1999. Toxic effect of sertain

metals mixture on some physiological and morphological characteristics of
freshwater algae. Water Air Soil Pollut. 110, 119–135.

Sheppard, S.C., Sheppard, M.I., Ilin, M., Tait, J., Sanipelli, B., 2008. Primordial
radionuclides in Canadian background sites: secular equilibrium and isotopic
differences. J. Environ. Radioact. 99, 933–946.

Singh, J., Singh, H., Singh, S., Bajwa, B.S., Sonkawade, R.J., 2009. Comparative
study of natural radioactivity levels in soil samples from the upper Siwaliks
and Punjab, India using gamma-ray spectrometry. J. Environ. Radioact. 100,
94–98.

Tabachnick, B.G., Fidell, L.S., 2006. Using Multivariate Statistics. Allyn & Bacon,
Boston. p. 1008.

UNSCEAR, 1996. Sources and Effects of Ionizing Radiation. Report to the General
Assembly, with Scientific Annex. United Nations Scientific Committee on the
Effects of Atomic Radiation, United Nations, New York.

Veado, M.A.R.V., Arantes, I.A., Oliveira, A.H., Almeida, M.R.M.G., Miguel, R.A., Severo,
M.I., Cabaleiro, H.L., 2006. Metal pollution in the environment of Minas Gerais
State – Brazil. Environ. Monit. Assess. 117, 157–172.

Vinogradov, A.P., 1959. The Geochemistry of Rare and Dispersed Chemical Elements
in Soil. New York, 300 pp.



T. Evseeva et al. / Chemosphere 81 (2010) 1320–1327 1327
Waldren, C.A., Patterson, D., 1979. Effects of caffeine on purine metabolism and
ultraviolet light induced lethality in cultured mammalian cells. Cancer Res. 39,
4975–4982.
Zhang, L., Chen, M., Yang, W., Xing, N., Li, Y., Qiu, Y., Huang, Y., 2005. Size-
fractionated thorium isotopes (228Th, 230Th, 232Th) in surface waters in the
Jiulong River estuary, China. J. Environ. Radioact. 78, 199–216.


	Comparative estimation of 232Th and stable Ce (III) toxicity and detoxification  pathways in freshwater alga Chlorella vulgaris
	Introduction
	Materials and methods
	Reagents
	Cells and growth conditions
	Assessment of chlorella biomass production
	Toxicant solutions
	General toxicity test
	The choice of modifying reagents
	The choice of modifying reagent concentrations
	Toxicity test procedure modified by BSO or caffeine
	Toxicity assessment
	Data statistical analysis

	Results
	Toxicity of 232Th and Ce to Chlorella vulgaris
	Modification by BSO toxic effects of 232Th and Ce
	Modification by caffeine toxic effects of 232Th and Ce

	Discussion
	Conclusions
	Acknowledgements
	References


