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Abstract In the present study, the endocrine activity of the
antiepileptic pharmaceutical carbamazepine (CBZ) in the
crustacean Daphnia magna was assessed. To assess the hor-
monal activity of the drug, we exposed maternal daphnids and
embryos to environmental relevant concentrations of CBZ
(ranging from 10 to 200 μg/L) and to mixtures of CBZ with
fenoxycarb (FEN; 1 μg/L). Chronic exposure to CBZ signif-
icantly decreased the reproductive output and the number of
molts of D. magna at 200 μg/L. This compound induced the
production of male offspring (12 ± 1.7 %), in a non-
concentration-dependent manner, acting as a weak juvenile
hormone analog. Results showed that this substance, at tested
concentrations, did not antagonize the juvenoid action of
FEN. Further, CBZ has shown to be toxic to daphnid embryos
through maternal exposure interfering with their normal gas-
trulation and organogenesis stages but not producing direct
embryo toxicity. These findings suggest that CBZ could act
as an endocrine disruptor in D. magna as it decreases the
reproductive output, interferes with sex determination, and
causes development abnormality in offspring. Therefore,
CBZ could directly affect the population sustainability.

Keywords Carbamazepine .Daphnia magna . Endocrine
disruption . Juvenoid activity . Morphological abnormalities

Introduction

Pharmaceuticals represent a class of emerging contaminants
continuously discharged, through domestic and industrial
wastewater effluents, into aquatic systems. These compounds
could act as persistent substances because of their continual
release from this source, as well as from their physical-
chemical characteristics (Daughton and Ternes 1999).
Studies of pharmaceutical degradation have shown that most
of the classical treatments on wastewater treatment plants
(WWTPs) are not efficient on the elimination of these com-
pounds (Conley et al. 2008; Gaffney et al. 2015), which make
these substances a threat to public health. On the other hand,
the compounds, not degraded, can promote toxic effects on
aquatic non-target organisms (Corcoran et al. 2010). The po-
tential biological activity of pharmaceuticals present in aquatic
environments may induce changes in key physiological func-
tions of exposed species, including those related to reproduc-
tion, which is of importance since the sustainability of a pop-
ulation may be negatively affected (Madureira et al. 2011).
Currently, knowledge of the toxicological effects caused by
pharmaceutical compounds affecting the reproductive system
of aquatic organisms is mostly limited to some components of
oral contraceptives (Madureira et al. 2011). Endocrine
disruptors can cause physiological disturbances leading to re-
productive abnormalities, in fish and in crustaceans, such as
changes in sex ratios (Palma et al. 2009a; Zeilinger et al.
2009), fecundity (Palma et al. 2009a), and embryonic devel-
opment (Palma et al. 2009b).

Carbamazepine (CBZ, 5H-dibenz[b,f]azepine-5-
carboxamide) was selected for this study, since (i) it is one
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of the most frequently detected antiepileptic drugs in aquatic
environments worldwide (Calisto et al. 2011; Bahlmann et al.
2012; Almeida et al. 2014); (ii) it is very difficult to re-
move through the classic wastewater treatments (removal
rate below 10 %) (Ternes 1998; Zhang et al. 2008); (iii) it is
very slowly degraded by sunlight (Calisto et al. 2011),
exhibiting a half-life of 37 days (Andreozzi et al. 2002);
and (iv) it is classified as an IB compound, according to the
priority ranking list proposed by Besse and Garric (2008),
which indicated that this compound is potentially hazard-
ous for the aquatic environment due to its chemical propri-
eties, metabolite activity, environmental concentrations (up
to 68 μg/L at Jarama river; Valcarcel et al. 2011), and
ecotoxicological effects.

The precise mode of the CBZ action is not entirely clear in
the invertebrates; some researches indicate that this pharma-
ceutical modulates the voltage of sodium channels in mussel
cells (Martin-Diaz et al. 2009), as well as induces an incre-
ment of mussel hemocyte death and an increase of superoxide
anion and nitric oxide concentrations (Tsiaka et al. 2013).

Regarding the potential impact on freshwater ecosystems,
CBZ presents a low acute toxicity from 25.5 to 138 mg/L, for
aquatic plants, crustaceans, fish, and amphibians (Pfluger and
Dietrich 2001; Cleuvers 2003; Ferrari et al. 2003). However,
chronic effects observed in organisms from different trophic
levels (algae, cladocerans, and fish) indicate that this drug
presents an action in the reproductive system of these species
including changes in the behavior and growth (Cleuvers 2003;
Jos et al. 2003; Dietrich et al. 2010; Zhang et al. 2012;
Lamichhane et al. 2013), modifications in fecundity
(Dietrich et al. 2010; Lamichhane et al. 2013; Galus et al.
2014), development of abnormalities (Crane et al. 2006), his-
tological alterations in gonads, and decreased levels of the
ketotestosterone hormone (Galus et al. 2013).

The endocrine system of crustaceans (the methylfarnesoate
juvenoid hormone and the 20-hydroxyecdysone ecdysteroid
hormone (20-HE)) regulates various physiological functions,
of which depends the survival of the species, such as repro-
duction, sex differentiation, growth, and embryonic develop-
ment (Olmstead and LeBlanc 2002; LeBlanc 2007). Several
studies in Daphnia magna have shown that some pesticides
(fenoxycarb, pyriproxyfen, epofenonane, hydroprene,
kinoprene, methoprene, dieldrin, atrazine) act as juvenile hor-
mone analog, reducing the reproduction rates and stimulating
male progeny production (Olmstead and LeBlanc 2002, 2003;
Tatarazako et al. 2003; Oda et al. 2005, 2006; Wang et al.
2005; Tatarazako and Oda 2007). Apart from endpoints relat-
ed to reproductive output (offspring production by each parent
organism, time to production of first brood, number and size
of broods per organism, and number of aborted eggs), the
evidence of the disruption of endocrine mechanisms by
chemicals has been evaluated as a function of the production
of male offspring inD. magna shown to be a specific endpoint

for the identification of chemicals with juvenile hormone-like
activity (Tatarazako and Oda 2007).

As indicated above, the other endocrine hormones that may
be correlated with reproduction process in crustacean are
ecdysteroids. The ecdysteroids are steroid hormones that reg-
ulate molting and metamorphosis in insects (Sumiya et al.
2014), controlling, besides molting, a variety of physiological
processes, namely, in reproduction and embryogenesis
(Nijhout 1994). A pioneering study reported that a titer of
ecdysteroids increased at the premolt stage and decreased
back to the basal level before molting in D. magna (Martin-
Creuzburg et al. 2007), indicating that ecdysteroids are pre-
dominant molting hormones in this crustacean. The delay of
molting processes, the decrease of offspring production, and
the increase of embryonic abnormalities have already been
observed for some compounds that are possessing ecdysteroid
proprieties, such as testosterone, fenarimol, and endosulfan
sulfate (Mu and LeBlanc 2002a, b; Barbosa et al. 2008;
Palma et al. 2009b). However, in crustaceans, studies on
ecdysteroid regulation both in molting, reproduction, and em-
bryogenesis are still scarce.

To our knowledge, there are no published studies assessing
the endocrine activity of the antiepileptic pharmaceutical CBZ
in the crustaceanD. magna. Thus, the main aim of the present
study was to evaluate if the chronic toxicity induced by envi-
ronmental concentrations of CBZ was correlated with the ac-
tion of this drug in the endocrine system of the crustacean
D. magna. Several steps were taken to achieve this goal: (i)
assess the juvenoid capacity of the drug, by the analysis of
male offspring production; (ii) assess its antijuvenoid capacity
by the ability of drug to revert a potent methylfarnesoate stim-
ulator, the fenoxycarb (FEN, ethyl 2-(4-phenoxyphenoxy)
ethylcarbamate, which is a carbamated insect growth regula-
tor, agonist of methylfarnesoate, and which produces a great
number of male offspring at low concentrations (Tatarazako
and Oda 2007)); and (iii) assess ecdysteroid activity, by the
assessment of molting rate and embryonic abnormalities (with
bioassays of direct exposition and through the mother). The
intention behind this study is to provide more outcomes,
which may be used for the thorough understanding of the
effects of this class of emerging contaminants, namely, of
the CBZ on natural systems, which remains elusive and very
scarce.

Material and methods

Chemicals

Carbamazepine (C16H12N2O; CAS no. 298-46-4; ≥98 % pu-
rity) was purchased from Sigma-Aldrich Quimica S.A., St.
Louis, USA, and fenoxycarb PESTANAL® (C17H19NO4;
CAS no. 79127-80-3; 99.2 % purity) was obtained from
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Riedel-de-Häen Laborchemikalien GmbH. Stock solutions
were prepared with dimethyl sulfoxide (DMSO) obtained
from Merck® (>99 % purity), as a carrier solvent, at a maxi-
mum concentration of 0.2 % (v/v; 0.002 g/L) that did not show
toxic effects. Working stock solutions were prepared immedi-
ately prior to the tests using MilliQ® water (resistivity
>18 MΩ cm) being 100 and 500 times more concentrated,
for acute and chronic test with CBZ, respectively, and 10,
000 times more concentrated, for chronic test with FEN, than
the target solutions that were obtained by their direct dilutions.
Duplicate water samples of all freshly prepared test solutions
and 1-, 2-, 3-, and 4-day old of 200-μg/L test solution, kept in
the same environmental conditions of the chronic bioassay,
were collected to measure the concentration of CBZ.

Test organisms

Experiments were conducted with the cladoceran D. magna
Straus. Daphnids were obtained from continuous cultures
maintained in the laboratory in 800 mL of ASTM hard water
(ASTM 1998), enriched with a standard organic extract from
the algae Ascophyllum nodosum (Baird et al. 1989), at a con-
centration of 4.0 mL/L. The culture medium was renewed
three times per week and enriched with organic additive.
Animal density was 15 animals per 800 mL. Daphnids were
fed with algae (Pseudokirchneriella subcapitata) with a den-
sity of 3.0×105 cells/mLDaphnia (an equivalent carbon con-
tent of 2.65 mg C/mL), and maintained under a 16–8-h light–
dark photoperiod, at a light intensity of 100–1000 Lx and at a
temperature of 20 ± 1 °C. These conditions make cultured
daphnids reproduce asexually promoting the production of
female offspring in more than 98 %. D. magna eggs were
obtained from females of the laboratory cultures; only the
eggs from the third to fifth broods of offspring were used in
direct embryo exposure test. A reference test with potassium
dichromate (K2Cr2O7) from Merck_ was performed monthly
in our lab to test the sensitivity of the daphnids. The sensitivity
of daphnids was in accordance with ISO 6341 (1996) (24-h
EC50 (%) value of K2Cr2O7 ranged between 0.6 and 1.7 mg/
L).

Acute ecotoxicity

Acute ecotoxicity of CBZ was determined during 48 h of
exposure using the following nominal concentrations: 10,
25, 50, 75, and 100 mg/L. These concentrations were selected
based on the reviewed literature (Cleuvers 2003; Ferrari et al.
2003; Jos et al. 2003). The experiment was performed accord-
ing to Guideline for Testing of Chemicals No. 202, D. magna
acute immobilization test (OECD Organization for Economic
Cooperation and Development 2004).

Chronic reproduction test: endocrine activities

To evaluate the effects of CBZ on the juvenoid activity of
daphnids, test was conducted for 21 days according to the
Guideline for Testing of Chemicals No. 211, D. magna repro-
duction test (OECD Organization for Economic Cooperation
and Development 2012). CBZ was assessed for juvenoid ac-
tivity based upon its ability to stimulate the production of male
offspring among exposed maternal organisms. The chronic
assay was initiated with the third brood of offspring (<24 h
old) from a single clone derived from a healthy parent stock
culture. Daphnids were exposed to the control (ASTM hard
water); control solvent (ASTM + DMSO) with a nominal
concentration of 0.2 % (v/v); and to the nominal concentra-
tions of 50, 100, and 200 μg/L of CBZ (10 replicates per
concentration). A positive control consisting of FEN
(1 μg/L) was included to ensure that daphnids were appro-
priately responding. The CBZ concentrations used in this
test were chosen taking into account the maximum level
detected in surface water (Valcarcel et al. 2011) in order to
assess environmental relevant concentrations of this phar-
maceutical. CBZ was also evaluated for its ability to inter-
fere with the effect of FEN on the juvenoid system of the
crustacean by using the identical concentrations of control,
control solvent, and CBZ, as in the test for juvenoid-
agonist activity, except that FEN (1 μg/L) was also added
to all test solutions. The test solution was renewed three
times a week. Daphnids were kept and fed as described in
Section Test organisms. During the experiments, tempera-
ture, pH, electrical conductivity, and dissolved oxygen
were monitored weekly.

The endpoints examined in the bioassay were longevity
(mortality of parents), cumulative molts, body length, repro-
ductive parameters (days to first brood, number of broods, and
total number of viable offspring produced by each female),
embryo-toxicity (number of aborted eggs, number of abnor-
mal offspring, percentages of undeveloped antennules, and
inexistent or curved shell spines), and appearance of males.
Body length of daphnids was measured from the top of the
head to the base of the tail spine. Sex of the daphnids was
judged by the length and morphology of the first antenna
(GTC no. 211; OECD 2012). Body length of parents, sex,
and abnormality development of offspring were observed
and counted with the use of an stereomicroscope (Olympus
SZX9, Olympus Optical Co., Ltd., Tokyo, Japan) coupled to
an image analysis software JENOPTIK Optical Systems (ver-
sion 2.8.8). Neonatal sex ratios were calculated as the ratio
of the number of males produced compared to the total
number of offspring produced per female. According to
the annex 7 of the OECD 211 guideline (OECD 2012),
the validity criterion of the reproduction test, relatively to
neonate sex, was assured, indicating that no more than 5 %
males in the controls were observed.
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Direct embryo exposure to CBZ and FEN

Just after the release of the third brood, females were isolated
from culture and observed until the passage of the new eggs
from the ovaries to the brood chamber. This event was con-
sidered to represent time 0 of egg development. Eight hours
after time 0, females were placed under a dissecting micro-
scope and eggs were removed by introducing a small pipette
with ASTM hard water in the brood chamber to create a slow
flow, pushing the eggs to the microscope slide (Sobral et al.
2001; Palma et al. 2009d). After being washed, eggs were
placed in individual wells of tissue culture plates either with
1 mL of control (ASTM), control solvent with a concentration
of 0.2 % (v/v; ASTM + DMSO), CBZ concentrations (50,
100, and 200 μg/L), FEN (1 μg/L), or with FEN (1 μg/L)
added to all CBZ solutions (10 replicates per concentration).
Embryos were incubated under the conditions indicated in
Section Test organisms. Embryonic development was moni-
tored microscopically at 24, 48, and 96 h in order to check
developmental differentiation and generation of male
offspring.

Analytical determinations

The chemical analysis of CBZ was conducted by high-
performance liquid chromatography (HPLC) using a
LaChrom Elite equipment (VWR International-Hitachi,
Barcelona, Spain) provided with a Millipore Iberica S.A.U.
(Madrid, Spain) Synergi Hydro-RP column (250×4.60 mm,
particle size 4 μm, 80 Å), a L-2450DA detector and an EZ
Chrom software (VWR International) for data treatment. The
injection volume was 99μL. The mobile phase used consisted
of a binary mixture of solvents, acetonitrile (A) and acidified
water with 0.1 % formic acid (B). A 40-min linear gradient
from 10 to 100 % of Awith a flow rate of 0.2-mL/min mobile
phase gradient program was used. The separation was moni-
tored at absorbance wavelength and retention time of 211 nm
and 27.2 min, respectively. Detection limit for accurate mea-
surements of concentrations was about 2 μg/L. Analysis of
standard solutions was repeated to establish the precision of
the method that resulted to be ±2.0 %, while accuracy was

1.3 %. Measured concentrations were within 10 % of nominal
concentrations, and no degradation of CBZ was observed
through 3 days in the experimental conditions (Table 1).
Thus, calculated exposure levels were based on nominal con-
centrations. The concentration of FEN selected in this bioas-
say was 1 μg/L based on results of a previous chronic study
with this compound (Palma 2009c). Further, the chemical
analysis of FEN was controlled by gas chromatography-
mass spectrometry (GC-MS; VARIAN 3400 GC with Saturn
II MSD) according to DIN EN ISO 6468 (1996), with a limit
of quantification of 0.01 μg/L. Measured concentrations were
within 10 % of nominal concentrations. Thus, calculated ex-
posure levels were based on nominal concentrations.

Statistical analysis

Values of EC50 were calculated using the Probit analysis
(Finney 1971). Chronic data were checked for normality
(Kolmogorov–Smirnov test) and variance homogeneity
(Levene’s tests). As the ANOVA assumptions were not met,
data were analyzed non-parametrically using Kruskal–Wallis
test.When significant differences were found (p≤0.05), a post
hoc Dunn’s test was used to compare treatments with the
control with a p value of 0.05 as the significant level. All
statistical analyses were performed with the Statistic software
XLSTAT v. 2014.5.03.

Results and discussion

Acute ecotoxicity

Acute toxicity of CBZ on D. magna, after 48 h of exposure
(considering the immobility as endpoint), was 48-h
EC50 = 58.54 mg/L (confidence interval of 95 % 50.88–
66.64 mg/L), which is within the range established for this
species by other authors (Cleuvers 2003; Thacker 2005).
Furthermore, this result highlights the fact that this drug
does not represent an acute toxic threat for the freshwater
ecosystems, which is in agreement with other studies
(Cleuvers 2003).

Table 1 Concentrations of
carbamazepine (CBZ) in ASTM
test medium, t= 0, estimated from
high-performance liquid chroma-
tography (HPLC), in duplicate

Concentration (μg/L) Time (h)

0 24 48 72

10 10.17 ± 0.80 – – –

100 94.09 ± 1.20 – – –

200 183.08 ± 4.90 198.72± 0.38 188.16± 1.56 197.79± 0.78

Degradation study of the maximum concentration used of CBZ in ASTM (200 μg/L, mean ± SEM, n = 2), during
72 h
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Chronic reproduction effects

Sublethal effects on growth, survival, and different reproduc-
tive parameters, registered at the end of exposure time, are
described in Fig. 1.

Concerning the reproductive parameters, the results indi-
cated that the age at first reproduction of daphnids exposed to
the CBZ treatments, ranged from 10 to 12 days, with no dif-
ferences observed for the control group (Fig. 1a). Such results
are in accordance with Lamichhane et al. (2013), who did not
observe any effect of CBZ on the age at first reproduction of
another cladoceran, the Ceriodaphia dubia (17.5–280 μg/L;
2 weeks of exposure). Nonetheless, Dietrich et al. (2010)

observed an increment in this parameter in organisms of the
F0 (neonates of the third brood of mothers) and F2 (second
generation from F0) generations, which were exposed to
0.5 μg/L of CBZ, in a multigenerational study. The increase
of age of physiological maturation of crustaceans was also
observed with D. pulex, after 14 days of exposure to
200 μg/L of CBZ (Lürling et al. 2006). The differences ob-
served among studies may be justified by environmental fac-
tors such as diet and culture conditions, which remain the
major cause of inter-laboratory variation (Baird and Barata
1998), but also by differences among clones; this fact is sup-
ported by experiments that demonstrate the correlation be-
tween different genotypes and different responses to the same
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Fig. 1 Number of molts, age at first reproduction, number of
reproductions, body size, total number, and gender of offspring
produced by maternal D. magna, after the 21 days of exposure to
nominal concentrations of CBZ, FEN, and CBZ + FEN. Values are the

mean with its corresponding standard error bars which represent the
SEM. Treatments with the same letter are homogeneous—not different
at the 95 % level (Dunn’s post hoc comparison test)
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substance (Lovett Doust et al. 1993; Toumi et al. 2013).
Additionally, the results showed that during the exposition
of 21 days, all the organisms (control and exposed to CBZ)
have produced, parthenogenetically, four broods of offspring
(number of reproductions; Fig. 1b).

As regards the body length, the results showed no signifi-
cant differences among treatment and control groups, a pattern
similar to the one observed for the age at first reproduction
(Fig. 1c). Lamichhane et al. (2013) observed similar results in
the F0 and F1 (first generation from F0) generations of C.
dubia with a no observed effect concentration (NOEC) of
264 μg/L of CBZ; on the other hand, at F2 generation, the
differences of body length, among the group treated with CBZ
and the control, were significant (p≤0.05) with a NOEC of
196.7 μg/L. Nonetheless, Lürling et al. (2006) detected a de-
crease of 10 and 32% of the body length ofD. pulexwhen the
organisms were exposed to 100 and 200 μg/L of CBZ,
respectively.

Considering the total number of offspring produced per
female over the 21 days, the results showed that all the treat-
ments of CBZ have induced a decrease of the reproduction
rate, only statistically significant at the highest concentration
(with a reduction of 55 % of offspring production comparing
to the control; p≤0.05; Fig. 1d). This result is consistent with
the findings of Lürling et al. (2006) and Lamichhane et al.
(2013) in D. pulex and C. dubia, respectively, exposed to a
similar concentration of CBZ. The reduction of the number of
offspring was coincident with the diminution in the number of
molts per female (Fig. 1e).

Hence, and in relation to the molting process, CBZ at
200 μg/L yielded a statistically significant decrease in the
number of molts comparing to the control (p≤0.05). The neg-
ative impact induced by this drug, both in the reproduction
rate and in the number of molts per female, may indicate that
this substance has an action in the ecdysteroid endocrine sys-
tem of this crustacean (which regulates the molting process in
D. magna), once some studies (Sumiya et al. 2014) have al-
ready reported that the synchronization between the two phys-
iological processes may indicate that are regulated by the same
hormonal system. A similar association of molting with the
reproductive cycle has also been reported in other crustaceans
such as amphipods, isopods, shrimps, prawns, and a sand crab
(Shyama 1987; Gunamalai et al. 2004).

Embryo toxicity and production of male juveniles

As far as the analysis of offspring abnormalities is concerned,
it is important to point out that maternal exposure to CBZ
treatments promoted an increase in the development abnor-
malities compared with the control groups (ASTM and
ASTM+DMSO; p≤0.05)). Abnormality rate ranged between
53 and 61 % of the total offspring produce per concentration
(Fig. 2). Development effects induced by CBZ through

maternal exposure include abnormalities in the gastrulation
stage represented by the appearance of arrested eggs
(Fig. 3f), as well as abnormalities in the organogenesis process
such as inexistent or curved shell spine (Fig. 3c–e) and under-
developed second antennae (Fig. 3d). The most frequent ab-
normality detected was the appearance of offspring with
curved shell spine (Fig. 2). Curvature of the tail also was
observed by van den Brandhof and Montforts (2010) in em-
bryos of zebrafish exposed for 72 h to concentrations equal or
greater than 12.5 mg/L of CBZ. The increase of abnormalities
during the embryonic development could be related with a
decrease in the levels of 20-HE in the embryos (Mu and
LeBlanc 2002a, b, 2004). The effects caused by CBZ in the
embryos of D. magna are similar to those observed in expo-
sures to compounds with antiecdysteroid activity, such as
DES (Chang 1993), testosterone (LeBlanc et al. 2000), and
fenarimol (Mu and LeBlanc 2002a).

Furthermore, the direct exposure of the embryos to CBZ
did not induce embryonic abnormalities, which indicate that
the drug was not directly embryotoxic to daphnid embryos but
rather it requires exposure of the mother during embryonic
development. These results point for the fact that the CBZ
promotes embryotoxicity by interfering with the maternal pro-
vision of ecdysone to the embryos, which is the principal
source of ecdysteroids in the early stage of embryonic devel-
opment and the principal hormone implicated in the control of
embryogenesis process (Subramoniam 2000; Mu and
LeBlanc 2002a, b). Similar results were observed, by Mu
and LeBlanc (2002a), for the fungicide fenarimol. Thus, these
observations suggest that CBZ exhibits antiecdysteroidal ac-
tivity by lowering endogenous ecdysone levels in crustacean
D. magna. However, the results also suggest that the
antiecdysteroid effect of the drug in the crustacean probably
was due to a metabolite of CBZ, since embryotoxicity was
only observed after maternal exposure, indicating the need to
transform the drug (at the metabolic process) into a metabolite

Fig. 2 Percentage of developmental abnormalities resulting from the
exposure of maternal daphnids to nominal concentrations of CBZ,
FEN, and CBZ + FEN over 21 days. All treatments were statistically
different from the control (Dunn’s test, p ≤ 0.05)

17316 Environ Sci Pollut Res (2016) 23:17311–17321



more toxic, as it has been described for some pesticides (Kast-
Hutcheson et al. 2001; Palma et al. 2009d).

Considering sex differentiation, male offspring are
produced under adverse environmental conditions (low tem-
perature, short photoperiod, lack of nutrition, high population
density, or exposure to chemicals) as a consequence of hor-
monal or metabolic alterations (Abe et al. 2015; Kleiven et al.
1992; Olmstead and LeBlanc 2003). Further, Toyota et al.
(2015) demonstrated for the first time that methylfarnesoate
synthesis is necessary for sex determination in response to
external stimuli in D. pulex. Relative to the present study,
the results indicated that in the control and control-solvent

groups, only female offspring were produced (Fig. 3a). In
contrast, CBZ treatments induced the production of male off-
spring at all tested concentrations but not in a concentration-
dependent manner, achieving a mean of 12±1.7 % at highest
concentration of CBZ (Figs. 1f and 3b). So, mixed
male/female broods were observed in CBZ treatments, which
are in line with studies that reported that methylfarnesoate
stimulates the production of mixed broods (Olmstead and
LeBlanc 2002; LeBlanc 2007). This fact suggests that CBZ
interferes with the sex differentiation of D. magna exhibiting
weak juvenile activity. This result is consistent with that of
Lürling et al. (2006), who observed the production of males,

a b

c d

e f

Fig. 3 Optical microscope
photographies of neonatal female
(a) and male (b) D. magna. Sex
characteristics include the pair of
rudimentary first antennae and
carapace with two uniform
symmetrical edges of the female
(a, arrows) and the elongated first
antennae and carapace with two
asymmetrical edges of the males
(b, arrows). Development
abnormalities resulting from
maternal exposure to
carbamazepine, neonatal female
daphnid without shell spine (c,
arrow), neonatal male daphnid
with abnormalities at the second
antennae and with short shell
spine (d, arrows), neonatal female
daphnid with curved shell spine
(e, arrow), and neonatal daphnid
that had undergone development
arrest during early stages of
embryo maturation–gastrulation
stage (f) (stage of growth at 6 h
according to Wang et al. 2011)
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in the third broods ofD. pulex exposed to 10μg/L of CBZ, but
on the contrary, the concentrations of 100 and 200 μg/L only
produced female offspring. Reduced parthenogenic produc-
tion of offspring, as well as the generation of males observed
after all treatments with CBZ, was likely a consequence of
entry of the organisms into the sexual reproductive phase.
The generation of male offspring in parallel with a slight de-
crease in the reproductive rate was observed at all concentra-
tions of CBZ tested. According to Oda et al. (2006), this point
implies that the induction of males is not caused by intrinsic
toxicity (metabolic action) of the compound but rather through
endocrine disruption associated with juvenile hormone
analogs.

Through exposure of the maternal daphnids to CBZ, we
also assessed whether this compound determines the sex of
these organisms during the ovarian oocyte maturation. We
proved that CBZ stimulated male progeny production during
the ovarian development of the oocytes because direct embryo
exposure to CBZ promoted only female offspring. This result
confirms the studies by Olmstead and LeBlanc (2002) and
Tatarazako et al. (2003, 2004), who reported that the sex
determination in daphnids occurs at the stage when the
eggs are in the ovary, before their release into the brood
chamber. Furthermore, Abe et al. (2015) reported that the
critical period (about 1 h) for juvenoid action on ova in the
parent’s ovary to induce male offspring is about 7–8 h later
from ovulation.

Once the results showed a slight juvenoid action of CBZ,
future studies with this drug should integrate short-term in
vivo test used to screen juvenile agonists among environmen-
tal pollutants (7-day chemical exposure using 17-day-old
adults with embryos in their brood chambers; Abe et al.
2015), combined with in vitro juvenile agonist screening test,
which will be developed based on the Daphnia juvenoid re-
ceptor (Miyakawa et al. 2013).

Taking into account the parameters assessed, we deter-
mined a 21-day LOEC value of 10 μg/L CBZ based on the
induction of males and the embryo toxicity observed in D.
magna.

Antijuvenoid capacity of CBZ

The antijuvenoid activity of the CBZwas assessed through the
co-exposure with FEN. The reproductive results of the mix-
ture indicated that daphnids matured significantly slower than
the control groups (p≤ 0.05), but no statistical differences
were detected between both types of treatments (Fig. 1a).
Therefore, it appears that the significant decrease in the age
at first reproduction in these groups with regard to control
groups could be attributed only to FEN, once the results
showed that CBZ alone did not induce this effect. Further,
daphnids exposed to FEN and its mixtures were significantly
smaller than those of control (p≤0.01; Fig. 1c). This decrease

in the size of mothers could be related with the number of
reproductions that also was reduced in these treatments
(Fig. 1b). The reproduction rates, obtained with the exposure
to the CBZ + FEN and FEN treatments, were statistically
reduced to, as low as, 10 % of the controls (p ≤ 0.0001;
Fig. 1d). The results were in agreement with reports that indi-
cated the pronounced reduction of reproduction rates after
exposure to FEN (Tatarazako et al. 2003; Oda et al. 2005).

Exposure to 1 μg/L of FEN has generated a proportion of
males of 91±1.4 %, which was not different to the percentage
of males produced in the mixtures (CBZ + FEN; Fig. 1f). This
effect occurred simultaneously with the decrease in the repro-
duction rates. The percentages of males obtained, as well as
the decrease of the reproduction rate, after exposure and co-
exposure to FEN, are in line with the results reported by Oda
et al. (2005) and Palma et al. (2009c).

The results showed that this antiepilepsy drug did not an-
tagonize the effect of the juvenile activity induced by FEN,
once the mixtures have still produced a high percentage of
male ranging between 88±2.5 and 95±1.0 % (Fig. 1f). A
possible explanation to this behavior could be due to the con-
centration of FEN tested, which causes a high incidence of
male offspring. Maybe antijuvenoid activity would be ob-
served at a lower concentration of FEN that stimulates a minor
proportion of male offspring (Oda et al. 2005).

Finally, concerning to embryonic abnormalities of off-
spring, induced by maternal exposure to the mixtures (CBZ
+ FEN), we observed the same type of embryotoxicity already
described for CBZ treatments but in a higher proportion
(≥95 %; Fig. 2). Embryos directly exposed to FEN and FEN
+ CBZ treatments did not lead to the generation of morpho-
logical abnormalities.

In the light of the results, one can state that CBZ acts as a
weak juvenoid analog in the juvenoid system of the crustacean
D. magna and that its presence in the mother induces an
antiecdysteroid action. These actions in the endocrine system
of the crustacean were already reported for other compounds
such as endosulfan sulfate (Palma et al. 2009a, b, c, e).
Furthermore, the action on the ecdysteroid system may corre-
late with the effect on the decrease of ecdysone levels or with
the induction of methylfarnesoate levels, which has an
antiecdysteroid activity by itself.

Taking into account the results, for future works, our group
will try to understand (i) if the CBZ behaves as an
antiecdysteroid compound (by itself) through decrease of en-
dogenous levels of ecdysone, by establishing the ability of the
exogenously administered 20-HE to revert the effects ob-
served in molting process and in embryonic development
and quantify the levels of methylfarnesoate in the organisms
after exposure to CBZ; (ii) if the CBZ is metabolized, what its
metabolites are, and consider whether these products
(resulting of biotransformation process of the drug) have ef-
fects on the ecdysteroid system of the crustacean; and (iii) the
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antijuvenoid activity will be evaluated with low concentra-
tions of FEN.

Conclusions

From our study, one can conclude that concentrations of CBZ,
between 10 and 200 μg/L, act on the reproduction of daphnids
by decreasing the number of juveniles produced by female,
producing alterations in sex determination, and developing
abnormalities in embryos exposed to this compound through
the mother. To date, no pharmaceutical has ever been found to
be active in inducing male sex in offspring of D. magna,
acting as juvenile hormones analog. Accordingly, the present
results suggest that CBZ, at tested concentrations, is capable
of initiating sexual reproduction in D. magna, which exhibit
cycles of asexual reproduction (parthenogenic) in normal
conditions. To corroborate this statement, genetic studies
should be developed to verify if the CBZ acts as other
methylfarnesoate analogues, as well as the measurement of
the levels of methylfarnesoate in the crustacean, after expo-
sure to CBZ. The existence of the concentrations tested of
CBZ in the aquatic environment could pose a threat to D.
magna populations, since changes in the neonatal sex ratio
and embryonic abnormalities were observed. This fact could
produce a decrease in the number of female offspring, which
directly contributes to the population growth rate. On the other
hand, this compound has a relatively high potential for bioac-
cumulation and bioconcentration. This, together with its envi-
ronmental persistence and the effects described, makes this
substance of particular concern in aquatic environments, es-
pecially for D. magna, that play an important role in freshwa-
ter aquatic food webs. Therefore, an effort should be made in
order to improve the systems of depuration of this compound
in the wastewater treatment plants and thus avoid these
problems.
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