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Abstract
In recent years, pharmaceuticals and personal care products (PPCPs) that remain in the environment have become increas-
ingly important. Carbamazepine (CBZ) is a widely used antiepileptic drug that has a potential impact on the environment 
due to its Physico-chemical properties, which are rarely eliminated in conventional water treatment. Daphnia magna Straus 
(DMS) is a fundamental link of aquatic ecosystem chain. The influence of CBZ toxicity on DMS can effectively reflect the 
effects of CBZ toxicity on the aquatic environment. In this study, DMS was used as a subject to assess the chronic effects 
of CBZ exposure. It was found that after 21 days of CBZ exposure, the breeding frequency, the total number of eggs laid, 
body length, and intrinsic growth rate of DMS decreased with increasing CBZ concentrations. Maximum reductions of 69% 
in fecundity and 60% in fertility were observed at 0.5 mg/L CBZ, while a maximum reduction of 60% in body length was 
observed at 0.001 mg/L CBZ concentration. The integrated biomarker response version 2 (IBRv2) analysis suggests that 
with the increase in CBZ concentration, the overall negative effect of CBZ on DMS was enhanced.
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Pharmaceuticals and Personal Care Products (PPCPs) are a 
diverse group of chemicals. In most wastewater treatment 
plants, conventional treatment methods are ineffective in 
eliminating these drugs; biological treatment can remove 
only 50% of PPCPs from wastewater (Fu et al. 2019).

Carbamazepine (CBZ) is an antiepileptic drug with an 
annual production of more than 1014 tons (Qiang et al. 
2016). With a half-life of almost 100 days, it is one of the 
most durable drugs that can be detected in the environment 

(Brandão et al. 2013). CBZ can persist in the aquatic envi-
ronment due to its tolerance to photo and biodegradation 
(Yan et al. 2015). CBZ occurs mainly in freshwater, with 
the highest reported concentration being 1075 ng/L in Berlin 
surface waters (Thomas 2002). In Spain, CBZ concentra-
tions were 3.09 μg/L, 610 ng/L and 30 ng/L, respectively, in 
surface water, groundwater, and drinking water (Rao et al. 
2014). CBZ 72-h-EC50 value for zebrafish is 86.5 mg/L. 
When the CBZ concentration reaches 61.2 mg/L, spine and 
tail of zebrafish deform (Brandhof and Montforts 2010). 
Furthermore, the concentration of CBZ and its metabo-
lites, which enter human waste treatment facilities from 
surface waters, is even higher than that of nicotine and its 
metabolites, estrogen, and metabolites in hospital effluents 
(Ekpeghere et al. 2018). Studies have shown that the effi-
ciency of CBZ treatment in wastewater treatment plants is 
less than 10% (Songlin and Ning 2016).

Daphnia magna Straus (DMS) is abundant in freshwater 
and consumes a large amount of phytoplankton every day. 
The organism is a key link between primary and secondary 
production and an essential part of the freshwater food web. 
Water fleas are ecologically important and can also be used 
as indicators to evaluate the toxicity of CBZ on the aquatic 
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environment. Previous studies have shown that exposure of 
Eriocheir sinensis to CBZ at concentrations of 0.01, 0.1, 1 
and 10 µg/L for 40 days can influence the signaling activity 
of chitinase and ecdysone in Eriocheir sinensis, suggesting 
that CBZ may have a long-term effect on crabs development 
(Chen et al. 2019). Therefore, the present study was planned 
to investigate the chronic toxic effects of CBZ on the growth, 
development, and reproduction of DMS.

This study demonstrates the chronic toxic effects of CBZ 
on DMS in three aspects: first, by analyzing the number and 
timing of DMS progeny to evaluate the effects of different 
drug concentrations on biological reproductivity; second, 
by studying the body length and intrinsic growth rate of 
DMS the changes were used to evaluate the effects of bio-
logical growth. Finally, the overall impact of different CBZ 
concentrations on an organism was evaluated by integrated 
biomarker response version 2 (IBRv2) analysis.

Materials and Methods

CBZ  (C15H12N2O; CAS No. 298-46-4; ≥ 98% purity) was 
purchased from Alddin Reagent Company. All reagents 
used in this study, such as dimethyl sulfoxide, were analyti-
cal grade and were purchased from China Pharmaceutical 
Group Chemical Reagents Co., Ltd.

The DMS was donated by the Institute of Environmental 
and Health-related Product Safety of the Center for Disease 
Control and Prevention of China. It had been cultivated in 
the laboratory for more than three generations. The feed-
ing density was one female flea per 50 mL culture medium. 
The culture medium was changed 2 to 3 times per week, 
and Chlorella vulgaris was fed daily. The bait density was 
2.0 × 105–3.0 × 105 algae per mL. Before each test, a healthy 
and active DMS, born 6–24 h ago, was selected for a toxicity 
test. The results of the potassium dichromate sensitivity test 
comply with the international organization for standardiza-
tion (ISO) standard.

0.2 g CBZ was dissolved in 10 mL dimethyl sulfoxide. The 
volume was made up to 50 mL using ultrapure water to prepare 
a stock solution of concentration 4000 mg/L. DMS was fed 
with Chlorella vulgaris, and the medium was changed periodi-
cally. The system was placed in an incubator at a temperature 
of 23 ± 1 °C with a light intensity of 60 µmol m−2  s−1 and a 
light–dark ratio of 16 h to 8 h.Based on the results of acute 
toxicity test (48 hEC50 value 64.645 mg/L), five concentration 
groups and 1 blank (as control) group were selected (0.001, 
0.5, 5, 10, 20, and 0 mg/L) with DMSO solvent control group 
(CK). Measured concentrations of CBZ in tested water sam-
ples were 1.00 ± 0.04 μg/L, 0.50 ± 0.03, 5.00 ± 0.19, 10.00 
± 0.31 and 20.00 ± 0.26 mg/L, respectively, confirming the 
acceptability of the preparation process. The signal-to-noise 
ratio of 3 times, the detection limits of CBZ was determined 

by high-performance liquid chromatography (HPLC) to 
be 0.1–0.5 μg/L. Sufficiently high extraction efficiencies of 
CBZ was achieved by solid phase extraction process (recov-
eries ranged from 79.3% to 95.8%). During the experiment, 
50 mL CBZ solution was poured into 100 mL beakers, and one 
DMS was randomly selected and introduced into the solution. 
Eight parallel samples were taken from each concentration 
to observe the growth and reproduction of DMS daily up to 
21 days. A semi-static test was performed during the experi-
ment. The expose solution was changed after every 3 days. 
The concentration of Chlorella vulgaris was about 5 × 105/
mL. The time of the first litter, the number of the first litter, 
litter size and the total number of litters were recorded. As the 
DMS began to reproduce, the newborn DMS were removed 
in time. At the end of the experiment, the length of DMS was 
measured under a microscope with a micrometer.

The data were analyzed using SPSS 19.0 software, and the 
LSD test in a two-way ANOVA was used to analyze the effects 
of the tested drug concentrations, exposure time and dose-time 
cross-linking respectively. The LSD test in one-way ANOVA 
was used to analyze the experimental data between the sample 
and the control group.

In this study, the biological effects of different CBZ con-
centrations on growth, reproduction, and dynamics of DMS 
population were evaluated using the method as described by 
(Sanchez et al. 2013). Integrated biomarker response (IBR), 
which is a systematic method for making a visual compari-
son of toxic effects under different exposure conditions, was 
applied in the present study.

For the IBRv2 analysis, individual biomarker data  (Xi) are 
compared to mean reference data  (X0), and a log transforma-
tion is applied to reduce the variance.

In the next step, the mean of standardized biomarker 
response  (Zi) was calculated based on the general mean (μ) 
and standard deviation  (Yi)

To create a basal line centered at 0 and represent biomarker 
variation according to this basal line, the mean of standardized 
biomarker response  (Zi) and mean of reference biomarker data 
 (Z0) were used to define biomarker deviation index (A).

The absolute value of biomarker deviation index (A) 
parameters calculated for each biomarker in each investigated 
site was summed as IBRv2.
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Results and Discussion

Under the influence of CBZ, all concentration treatment 
groups delayed the first litter period compared to the 
control group, and the delay time increased with increas-
ing concentration (Fig. 1a). The number of first births 
decreased significantly in response to exposure to CBZ, 
CBZ resulted in a maximum decrease of 69% and at least 
30% of fecundity at CBZ concentration 0.5 and 5 mg/L, 
respectively (Fig. 1b). Compared to the control group, 
the number of litter per DMS in all treatment groups 
decreased significantly over the 21 days of exposure. CBZ 

exposure to DMS led to a decrease in fertility of 40% to 
60% (Fig. 1c). A similar trend was observed in the total 
number of eggs (47%–77% reduction) (Fig. 1d), exhibit-
ing a significant negative correlation between fertility and 
CBZ concentrations. Previous studies have also reported 
similar findings; e.g., CBZ exposure to zebrafish resulted 
in a reduction in fertility of 48% to 68% compared with 
the control group (Fraz et al. 2018).

Our results indicate that CBZ has significantly reduced 
the generation of DMS offspring, both in term of reproduc-
tion time and quantity. Some previous studies have shown 
that the first reproduction time of DMS exposed to CBZ 
was significantly delayed compared to the control group. 

Fig. 1  Effects of CBZ on first 
litter time (a), first spawning 
(b), litters size (c) and total 
litter size per DMS (d). Error 
bars represent mean ± standard 
error. Different letters represent 
a significant difference to the 
control (One-way ANOVA)
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For example, the first reproductive age of DMS exposed to 
DIC increased significantly in the first generation and the 
adult age of the second generation (Dietrich et al. 2010). 
In the present study, we found that the smaller the body 
length, the fewer the number of reproductions. It has been 
observed that body length orf DMS may have significant 
impact on reproduction. Studies have shown that as the 
length of DMS decreases, the size of the brood chambers is 
reduced, resulting in a reduction in the total number of eggs 
(Leblanc and Mclachlan 2010). Previous studies support our 
findings, DMS exposed to endosulfan sulphate resulted in 
a reduction in body length and reproductive capacity. At 
endosulfan sulphate concentration of 458.7 mg/L, complete 
inhibition of the reproductive capacity was observed (Palma 
et al. 2009). It was likely because CBZ caused the abortion 
of DMS eggs. Long-term exposure to o-hydroxyhippuric 
acid may lead to neonatal malformations, in particular, egg 
abortion (Marques et al. 2004).

DMS bodies exposed to CBZ had significantly shorter 
lengths than the control (Fig. 2a). The length of the treated 
group ranged from 2 ± 1.05 to 2.86 ± 0.68, which was sig-
nificantly less than that of the control group (3.16 ± 0.40).

It has been reported that when DMS was exposed to CBZ 
at concentrations of 100 and 200 μg/L, the body length 
decreased significantly (10% and 32% at 100 and 200 μg/L, 
respectively) (Lürling et al. 2010). The reduction in body 
length may be related to the reduction in food intake. It has 
been reported that the filtration and feeding rate of DMS 
began to decrease after 48 h of exposure to different con-
centrations of CBZ and that the decrease was between from 
16% to 78% and 11% to 70%, respectively (Nkoom et al. 

2019). This suggests that due to the dramatic decrease in the 
filtration and feeding rate of DMS, the material needed for 
the growth of DMS was inadequate, resulting in a reduction 
in individual length.

Similarly, the intrinsic growth rate of DMS decreased (6% 
to 17%) compared to control. Studies have shown that the 
intrinsic rate of DMS and CBZ concentration was negatively 
correlated and that the exposure of CBZ to DMS led to a 
reduction of intrinsic growth rate (83%–89%) compared to 
the control group where no CBZ exposure was done. Simi-
larly, significant changes in CAT, T-GPx, and GST activ-
ity were observed in the digestive gland of the Ruditapes 
philippinarum exposed to CBZ (Trombini et al. 2019). Sev-
eral studies have shown that endocrine compounds reduce 
the size of aquatic invertebrates (Ladewig et al. 2006). The 
decrease in CAT, T-GPx, and GST activity in the diges-
tive glands and feeding rate lead to a reduction in intrinsic 
growth rate.

The IBRv2 index was used to compare the comprehensive 
stress induced by various concentrations of CBZ (Fig. 3). 
IBR is a systematic and scientific method applied to sev-
eral areas as it allows a visual comparison of toxic effects 
under different exposure conditions (Duarte et al. 2017). The 
numerical value of IBRv2 represents the total influence of a 
targeted compound on various indicators. The different con-
centrations had different IBRv2 values (7.96, 15.76, 10.86, 
12.73, 18.58, for 0.001, 0.5, 5, 10, 20 mg/L CBZ concentra-
tion, respectively). This suggests that the overall effect of 
CBZ on DMS increases with increasing CBZ concentration.

Many contaminants entering into the environment can 
affect the production of exogenous steroids, ecdysteroids 

Fig. 2  The body length (a) 
and intrinsic growth rate (b) of 
DMS upon exposure to CBZ 
(0.001, 0.5, 5, 10, 20 mg/L) 
as compared to the control 
(0 mg/L) at 21 day. Error bars 
represent as mean ± SD Differ-
ent letters represent significant 
difference to the control (one-
way ANOVA)
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and sex hormones in crustaceans, and these hormones 
control the reproduction, sex, and desquamation of crus-
taceans (Oropesa et al. 2016). The above data indicate that 
the higher the CBZ concentration, the greater the adverse 
effect on DMS. Studies have shown that hydroprene can 
reduce the contents of various DMS secretions and the 
sex ratio of offspring (Oda et al. 2005). Another study 
documented that the brain and gills activity of zebrafish 
decreased significantly after the exposure to CBZ (Li et al. 
2011). These findings and the above discussion suggest 
that PPCPs such as CBZ may have lethal effects on aquatic 
organisms (Li et al. 2011).

After 21 days of chronic exposure to carbamazepine, 
DMS reproduction behavior was significantly inhibited. 
The length of DMS, the total number of litters, and the 
reproductive cycle were significantly inhibited. The intrin-
sic population growth rate decreased significantly. These 
chronic indicators can be used as sensitive parameters 
to characterize the chronic toxicity of CBZ to aquatic 
organisms.
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