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Abstract

The occurrence of pharmaceutically active compounds in the aquatic environment has been recognized as one of the emerging
issues in environmental chemistry. However, the ecotoxicological effects of pharmaceuticals have still not been researched ade-
quately. Carbamazepine, an anticonvulsant commonly present in surface and groundwater, was studied, using six ecotoxicological
model systems with eighteen endpoints evaluated at different exposure time periods. The battery included the immobilization of
Daphnia magna, bioluminescence inhibition in the bacterium Vibrio fischeri, growth inhibition of the alga Chlorella vulgaris, and
micronuclei induction and root growth inhibition in the plant A/lium cepa. Cell morphology, neutral red uptake, total protein
content, MTS metabolization, lactate dehydrogenase leakage and activity and glucose-6-phosphate dehydrogenase activity were
studied in the salmonid fish cell line RTG-2. The total protein content, LDH activity, neutral red uptake and MTT metabolization
in Vero monkey kidney cells were also investigated. The most sensitive system to carbamazepine was the Vero cell line, followed by
Chlorella vulgaris, Vibrio fischeri, Daphnia magna, Allium cepa, and RTG-2 cells. ECs, values from 19 pm in Vero cells at 72 h to
more than 1200 puM in other systems, were obtained. Comparing the concentrations in water and the toxicity quantified in our assay
systems, carbamazepine is not expected to produce acute toxic effects in the aquatic biota under these circumstances, but chronic
and synergistic effects with other chemicals cannot be excluded.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The occurrence and fate of pharmaceutically active
compounds in the aquatic environment has been recog-
nized as one of the emerging issues in environmental
chemistry (Heberer, 2002). Pharmaceuticals are
employed in human and veterinary medicine, agri-

Abbreviations: ECsy, mean effective concentration; G6PDH, glu-
cose-6-phosphate dehydrogenase; LDH, lactate dehydrogenase; MTS,
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium,inner salt; MTT, 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide.
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culture and aquaculture. They are often resistant to
biodegradation since metabolic stability is necessary for
pharmacological action. Certain pharmaceuticals are
also highly water soluble, and removal during waste-
water treatment will be limited for such compounds.
Aquatic biota are consequently exposed to more than 80
pharmaceuticals and drug metabolites as they enter the
aquatic environment (Dietrich et al., 2002).

Although pharmaceuticals are specifically designed in
terms of crop, farm animal or human target structures,
they can also be active in non-target organisms where
they elicit non-expected effects. Even slight, non-sig-
nificant influences on single components within reg-
ulatory cascades, which would not result in any acutely
discernible effect, might ultimately affect a whole
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population by their negative consequences on fitness:
disturbances in hormonal homeostasis (endocrine dis-
ruption), immunological status, signal transduction or
gene activation, for example (Seiler, 2002).

According to the basal cytotoxicity concept, a major-
ity of chemicals cause toxicity by means of basal cyto-
toxicity, while a clear minority cause toxicity by
interference with either organ-specific cell functions or
extracellular bodily functions. According to this reduc-
tionistic view, the toxicity of a compound can be broken
down into a number of elements, each of which can be
identified and quantified in appropriate model systems
(Ekwall, 1994). This makes pharmaceuticals a group of
environmental pollutants to be taken into account in
environmental risk assessment procedures.

The lack of ecological data on pharmaceuticals in
general and antiepileptics in particular has been shown
by several authors (Jones et al., 2002; Halling-Sorensen
et al., 1998). Carbamazepine is an antiepileptic drug
mainly metabolised into the active compound carbama-
zepine-10,11-epoxide and further into other inactive
compounds, principally glucuronides. Aproximately 3%
is excreted unchanged in urine, and is not significantly
removed (less than 10%) during sewage treatment,
resulting in the contamination of the receiving waters
(Ternes, 1998; Andreozzi et al., 2002; Heberer, 2002;
Jones et al., 2002).

The antiepileptics carbamazepine and primidone
represented the most dominant of all investigated drugs
in well treated domestic effluents in Arizona and Cali-
fornia. Removal of the drugs did not seem to occur
during travel times of more than 6 years in the subsur-
face (Drewes et al., 2002). Carbamazepine has been
detected in municipal sewage treatment plant effluents
(6.3 pg/l; Ternes, 1998), surface water (up to 1075 ng/l),
groundwater (up to 1.1 pg/l) and drinking water (30 ng/
1) (Heberer, 2002).

In order to study the effects of carbamazepine in the
environment, a test battery has been applied. Such a
battery should represent a wide range of organisms
belonging to different trophic levels. Six ecotox-
icological model systems with eighteen endpoints were
evaluated at different exposure time periods. The sys-
tems included the immobilization of the cladoceran
Daphnia magna (1st consumer), bioluminescence inhibi-
tion in the marine bacterium Vibrio fischeri (decom-
poser), growth inhibition of the alga Chlorella vulgaris
(producer), micronuclei induction and mitotic and
growth inhibition in the plant Allium cepa (producer).
Total protein content, neutral red uptake, lactate dehy-
drogenase (LDH) activity and MTT metabolization
were investigated in Vero monkey kidney cells (model of
2nd consumer). Neutral red uptake, total protein con-
tent, MTS metabolization, LDH leakage and activity,
apoptosis induction and changes in morphology were
studied in the RTG-2 cell line (model of 1st consumer),

derived from of rainbow trout gonad (Oncorhynchus
mykiss).

2. Materials and methods
2.1. Toxicant exposure

Stock solutions of carbamazepine (Sigma) were pre-
pared in dimethylsulfoxide, the concentration of the
solvent in medium being less than 1%, including the
control groups. The exposure solutions were prepared
before use in the different culture media according to
the appropriate assay, and sterilized by filtration
through a 0.22 um Millipore® filter. After replacing the
medium with the exposure solutions the systems were
incubated for the adequate time period.

2.2. Model systems

Growth inhibition of the algae Chlorella vulgaris var
viridis was evaluated in 96-well culture plates seeded
with 200 pl/well of a 1,000,000 cells/ml algae culture in
exponential growth phase, using constant agitation and
a temperature of 22 °C, under a water saturated sterile
atmosphere containing 5% CO, and a cold light source
of 8000 lux. Absorbency at 450 nm was read on a Mul-
tiscan RC plate reader (Labsystem, Helsinki, Finland).
As a quality criteria the control cultures must grow at
least 10 times in 48 h (Ramos et al., 1996).

Bulbs of the onion Allium cepa L (15-30 g) were
grown in the dark at a constant temperature of
2540.5 °C. The bases of the bulbs remained submerged
in filtered tap water (renewed every 24 h), acreated by
continuous bubbling at a rate of 10-20 ml/min. (Gon-
zalez-Fernandez et al., 1971). The experiments started
when meristem roots reached 15-20 mm. Five bulbs and
three roots per bulb were used for each treatment. Root
meristems of 4. cepa were exposed for 48 h and then
fixed in a mixture of ethanol/acetic acid (3/1 vol/vol) at
4 °C overnight. Finally, they were stained with acetic
orcein (2%) according the method of Tjio and Levan
(1950) and crushed in 50% acetic acid for the analysis of
mitotic index and micronuclei, (Jos et al., in press). The
mitotic index was calculated by counting the number of
cells in mitosis within a field in relation to the total
number of cells. The micronuclei frequencies were cal-
culated from the number of cells where a separate frag-
ment of the nuclei was observed. The assay was
completed by measuring the length of the root bundles
after 72 h of carbamazepine treatment. The control sets
grew 8.8 times in 3 days.

Daphnia magna clone A (gift from Dr. Munoz-Reoyo,
CISA, Spain) was maintained at 20 °C and fed with
Chlorella vulgaris. Acute toxicity immobilization tests
were performed in standard reference water according
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to OECD Guideline 202 (1993) in replicate groups of 10
neonates in 25 ml, contained in 70 ml polystyrene flasks
(Costar, Cambridge, MA, USA).

Bioluminescence inhibition in the marine bacterium
Vibrio fischeri was evaluated according to Cordina et al.
(1993) by using freeze-dried bacteria (Microbics Corp.
Carlsbad, USA) incubated at 15 °C.

Vero monkey kidney cells were grown at 37 °C in 75
cm? flasks (Costar, Cambridge, Ma, USA) in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented
with 10% foetal calf serum, 100 U/ml penicillin, 100 pg/
ml streptomycin and 2 mM L-glutamine (Biochrom,
Berlin, Germany). Cells were seeded at a density of
14,000 cells/ml into 24-well culture plates and incubated
for 24 h. After removing the culture medium and wash-
ing in phosphate buffered saline, the cell cultures were
exposed to 1 ml/well of increasing doses of carbamaze-
pine. Cell number (to evaluate cell proliferation and/or
detachment) was quantified by measuring the total cel-
lular protein content (TPC), using bovine serum albu-
mine (Sigma) as standard, by the method of Bradford
(1976). Neutral red uptake (NRU) was measured
according to Borenfreund and Puerner (1984) and
intracellular LDH (EC1.1.1.27) activity as described by
Vassault (1983). Cell viability was measured by the
MTT metabolization assay according to a procedure
based on Carmichael et al. (1987). MTT (5 mg/ml) was
dissolved in PBS, sterilized by filtration through a 0.22
uM Millipore® filter and stored at 4 °C. After the dif-
ferent treatments, cells were washed twice with PBS,
treated with 1.5 ml MTT (0.5 mg/ml in DMEM) per
well and incubated for 2 h at 37 °C to allow MTT
metabolization. The formazan produced was dissolved
with acidic isopropanol. All the determinations were
carried out in the same culture plates as used for expo-
sure. Absorbencies were measured on a Spectrafluor
microplate reader (Tecan, Austria).

RTG-2 cells, derived from rainbow trout gonad
(Oncorhynchus mykiss), (gift from Dr Castano, CISA,
Spain) were grown in Eagle’s Medium supplemented
with 10% foetal calf serum (Biochrom). RTG-2 cells in
exponential growth phase were plated at a density of
8000 cells/well in 96-well tissue-culture plates (Costar).
After 24 h at 20 °C, the cultures received 0.2 ml medium
containing the test chemical and were further incubated
for 24, 48 or 72 h (Castafo et al., 2000). Cell number
was quantified in situ, according to total cellular protein
content (TPC), using Coomassie brilliant blue G-250
(Repetto and Sanz, 1993) in the same 96-well tissue-
culture plates in which exposure originally took place
(Repetto et al., 1993). Absorbency at 620 nm was read
on a Multiscan RC plate reader (Labsystem, Helsinki,
Finland). Neutral red uptake (NRU) was evaluated
according to Babich and Borenfreund (1987). The MTS
tetrazolium reduction assay was performed according to
a procedure based on Baltrop et al. (1991). The MTS

tetrazolium compound is bioreduced by cells into a
coloured formazan product that is soluble in tissue cul-
ture medium. LDH (EC 1.1.1.27) activity in cells and in
culture medium was determined according to Duffy and
Flint (1987) and G6PDH activity was determined as
described by Kornberg and Horecker (1955) and Garcia
Alfonso et al. (1998). For the morphological study,
RTG-2 cells were seeded in Lab-Tek® tissue culture
chamber slides (Nunc, Inc., Naperville, IL). They were
then exposed to carbamazepine for 24, 48 and 72 h,
fixed in 70% methanol and stained with Mayefs hema-
toxylin and eosin or subjected to in situ hybridization
(TUNEL) to detect induction of apoptosis (Enzo,
Diagnostics, Farmingdale, US).

2.3. Calculations and statistical analysis

All experiments were performed at least three times
and at least in duplicate per concentration. Statistical
analysis was carried out using analysis of variance
(ANOVA), followed by Dunnett’s multiple comparison
test. ECso values were determined by probit analysis.

3. Results and discussion

The effects of carbamazepine were investigated using
six ecotoxicological model systems with eighteen end-
points. The alterations in a variety of systems including
vegetables, bacteria, a crustacean, and cell cultures from
monkey and fish origin were evaluated at different
exposure time periods. The proliferation of the fresh-
water algae Chlorella vulgaris in 96-well microtiter
plates was inhibited in a concentration-dependent way,
showing ECsq values of 470 um at 24 h and of 155 pm at
48 h (Fig. 1a). In contrast to our results, carbamazepine
has been reported neither to produce growth inhibition
nor to accumulate in Ankistrodemus braunii and Sele-
nastrum capricornutum cultures (Andreozzi et al., 2002).

A similar range of effects was observed for root
growth and mitotic index inhibition in meristematic
cells of Allium cepa, with ECsy of 447 um and 498 um,
respectively (Fig. 1b). This reduction was only statisti-
cally significant for high concentrations of carbamaze-
pine (>100 pm). Similar results were previously
reported in cultured mammalian cells since concentra-
tions of carbamazepine above the therapeutic range
inhibited the proliferation of murine lymphoid cells
(Title and Schaumann, 1992) and decreased the mitotic
and proliferation indices in human lymphocyte cultures
(Awara et al., 1998). The mechanisms responsible for
the cytostatic activity of carbamazepine are not yet fully
studied, but could in part be attributed to the increase in
the length of interphase period induced by this
compound (Dulout and Olivero, 1984).
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The genotoxic potential of carbamazepine has been
poorly investigated and is not well understood. Our
data did not reveal any statistically significant difference
in the frequencies of micronuclei and aberrant ana-
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Fig. 1. (a) Chlorella vulgaris proliferation after exposure to different
concentrations of carbamazepine for 24 (H) and 48 h (e) and (b)
Allium cepa growth (y) and mitotic index (e) after exposure to different
concentrations of carbamazepine for 72 and 48 h respectively. Data
expressed in % of the unexposed controls. * Indicates significant dif-
ference from control value (P <0.01).
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Fig. 2. Bioluminescence inhibition of Vibrio fischeri bacteria after
exposure to different concentrations of carbamazepine for (a) 5 min
(M), (b) 15 min (e) or 60 min (A). Data expressed in% of the unex-
posed controls. * Indicates significant difference from control value
(P<0.01).

phase-telophase cells in bulbs of Allium cepa (data not
shown), even when high concentrations were tested.
This finding is in agreement with the results of Sinues et
al. (1995), who failed to detect any significant increase
in cytogenetic parameters such as chromosome aberra-
tions and micronuclei in humans. However, this does
not support the findings of other investigators who
reported a significantly higher frequency of chromo-
some aberrations (Herha and Obe, 1976) and sister
chromatid exchanges (Awara et al., 1998) in patients
receiving carbamazepine.

Bioluminescence in Vibrio fischeri bacteria (Fig. 2)
was inhibited with ECs, values of 370, 332 and 271 um
after 5 min, 15 min and 60 min, respectively. The results
of this study also show an intermediate sensitivity of the
crustacean Daphnia magna with ECs, values of 475 um
at 24 h and of 414 um at 48 h of exposure (Fig. 3).

The Vero monkey cell line was the most sensitive
model in this study, probably because carbamazepine
was designed for a mammalian (human) target. Among
the biomarkers analysed, the uptake of neutral red was
the most sensitive at 72 h, followed by MTT metaboli-
zation (Fig. 4). Cell proliferation and intracellular LDH
activity were less sensitive but in a similar time-depen-
dent pattern. Cell proliferation was inhibited with ECs
values between 34 and 76 pm, neutral red uptake
between 19 and more than 100 um, MTT metabolization
in a similar range and LDH activity between 39 and 72
uM (Table 1).

The results obtained for the different endpoints eval-
uated on RTG-2 cells are presented in Fig. 5. With ECs,
values between 473 and 496 um, the neutral red uptake
was the most sensitive indicator, followed by MTS
metabolization, total protein content and G6PDH
activity, both with a similar sensitivity.

LDH leakage, a universally accepted marker of
membrane permeability and cell death, is not increased
to more than 8% at the highest concentration used,
confirming the stabilization of the cytoplasmic
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Fig. 3. Daphnia magna immobilization after exposure to different
concentrations of carbamazepine for (a) 24 h () and (b) 48 h (e).
Data expressed in % of the unexposed controls. * Indicates significant
difference from control value (P <0.01).
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Fig. 4. Vero monkey cell culture (a) protein content, (b) LDH activity, (c) neutral red uptake and (d) MTT metabolization after exposure to dif-
ferent concentrations of carbamazepine for 24 h (), 48 h (e) or 72 h (A). Data expressed in % of the unexposed controls. * Indicates significant

difference from control value (P <0.01).

Table 1

Toxic effects of carbamazepine on the different models and biomarkers of the proposed ecotoxicological battery

Model system Origin Indicator 24 h 48 h 72 h

Chlorella vulgaris Unicel. Algae Growth 469.5 155 -

Allium cepa Terrestrial Plant Root growth - - 447
Mitotic Index - 498 -
Micronuclei Induction Not detected - -

Vibrio fischeri Bacteria Bioluminescence 3702 3322 2722

Daphnia magna Cladoceran Immobilization 475 414 -

Vero cell line Monkey Total protein content 76.2 62.9 33.6
Neutral red uptake >100 81.4 19
MTT metabolization >100 94.2 24.6
LDH activity 72 67 38.5

RTG-2 cell line Rainbow Trout LDH leakage > 1200 - -
LDH activity > 1200 - -
Total protein content 832 713 933
Neutral red uptake 496 472.6 495
MTS metabolization 698 608.6 601.4
G6PDH Activity 853 716.7 687

ECso (uM ) values are given.
2 Values referred to 5, 15 and 60 min exposure times respectively.

membrane and good viability of the cultures within the
range of exposure concentrations. ECs, values of up to
1200 um for LDH leakage and intracellular activity were
obtained. The stabilization of the cytoplasmic mem-
brane to lactate dehydrogenase leakage has been

previously described for lithium (Repetto et al., 2001),
another psychotropic drug. However, lithium stimu-
lated lysosomal function, but carbamazepine was a clear
inhibitor. Carbamazepine blocks the voltage-dependent
Na™, delayed K, and transient Ca?" currents and
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Fig. 5. Effects of carbamazepine in RTG-2 cells on cell culture (a) protein content, (b) LDH leakage and activity, (c) neutral red uptake, (d) MTS
metabolization and (e) G6PDH activity after exposure to different concentrations of carbamazepine for 24 h (), 48 h (e) or 72 h (A). Data
expressed in % of the unexposed controls. * Indicates significant difference from control value (P <0.01).

quantal transmitter release, but does not show lysoso-
motropism (Matsumoto et al., 1998).

Morphological changes induced by carbamazepine
were also investigated in RTG-2 cells (Fig. 6). The con-
trol cultures show fusiform cells, arranged in plaques
and disposed in parallel. They have well defined bor-
ders, eosinophilic cytoplasm and central nuclei. The
morphological alterations were evident only at high
carbamazepine concentrations, particularly from 600
uM. The changes included loss of cells, induction of cel-
lular pleomorphism, and hydropic degeneration of the
cytoplasm (cellular swelling). When cells were very
damaged, a prominent feature in the morphological

study was the visualization of nucleolar structures, pos-
sibly due to chromatine condensation around these
organelles. The induction of apoptosis confirmed by in
situ hybridization (TUNEL) was evident after 24 h
exposure with concentrations of carbamazepine of up to
600 pM.

One important piece of information needed in risk
assessment is the concentration range at which a che-
mical produces adverse effects on organisms. Without
this information we can neither make predictions nor
establish safety factors. According to the basal cyto-
toxicity concept, a majority of chemicals cause toxicity
by means of basal cytotoxicity, while a clear minority



A. Jos et al. | Toxicology in Vitro 17 (2003) 525-532 531

o oam wis .

Fig. 6. Morphology of a (A) control culture of RTG-2 cells, showing
fusiform cells, with eosinophilic cytoplasm and central nucleus, arran-
ged in plaques and disposed in parallel. (B) Culture treated with 600
UM carbamazepine. Changes included loss of cells, induction of cel-
lular pleomorphism, and hydropic degeneration (—) of the cytoplasm
(cellular swelling). (C) A prominent feature in the morphological study
was the visualization of nucleolar structures (—), due to chromatine
condensation around these organelles. (D) The induction of apoptosis
confirmed by in situ hybridization (TUNEL) was evident after 24 h
exposure with concentrations of carbamazepine of up to 600 pm.
Insert showing nucleolar structures.

cause toxicity by interference with either organ-specific
cell functions or extracellular bodily functions (Ekwall,
1994). According to this reductionistic view, it seems
possible that a limited number of cell lines or isolated
cells from invertebrates and vertebrates may be suffi-
cient for basal cytotoxicity screening. In the case of
aquatic organisms, extrapolation can be performed
easily, since concentrations in water can be more
directly compared with concentrations in culture med-
ium. For this reason, fish cell lines in particular are
becoming more frequently employed as surrogates of
whole-animal ecotoxicity testing with relevant (sub)-
lethal endpoints (Castano et al., 2003).

There are very few reports available on the effects of
carbamazepine on aquatic organisms. This compound is
considered toxic (ECsg 1-10 mg/1) for cnidaria and non-
toxic (ECso> 100 mg/l) for crustacea and fish (Jones et
al., 2002), which is in accordance with the results of this
study. Comparing the ECsys (Table 1) at 48 h, the most
sensitive system was the Vero cell line, followed by
Chlorella vulgaris, Vibrio fischeri, Daphnia magna,
Allium cepa, and RTG-2 cells. ECs, values were
obtained from 19 pum in Vero cells at 72 h, to more than
1200 pum in other systems. Other chemicals have been
found to produce a very different profile of effects on
the diverse models (Repetto et al., 2001). Regarding the

present European legislation on the classification and
labeling of chemicals (92/32/EEC), carbamazepine
should be classified, according to our results, as “R52/
53 Harmful to aquatic organisms and may cause long-
term adverse effects in the aquatic environment”.

The complexity of the obtained results, with very dif-
ferent effects according to the test system and exposure
period employed, shows that a single bioassay will never
provide a full picture of the quality of the environment.
A Dbattery of test systems and indicators would be
representative of a wide range of organisms. For the
time being, a minimum ecotoxicological test battery
should at least include bacteria, vegetables, inverte-
brates and mammalian and not-mammalian cells
(Repetto et al., 2001).

According to the concentration of carbamazepine
found in water samples, a calculated ratio between the
predicted environmental concentration (PEC) and the
predicted no-effect environmental concentration
(PNEC), which is smaller than one for this compound
(Jones et al., 2002), and the results obtained with the
proposed test battery, carbamazepine is not expected to
produce acute toxic effects on the aquatic biota under
these circumstances. However, chronic effects and syner-
gistic effects with other chemicals cannot be excluded and
should be further investigated.
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