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Abstract
The effects of three relevant organic pollutants: chlorpyrifos (CPF), a widely used insecticide, triphenyl phosphate (TPHP), 
employed as flame retardant and as plastic additive, and bisphenol A (BPA), used primarily as plastic additive, on sea urchin 
(Paracentrotus lividus) larvae, were investigated. Experiments consisted of exposing sea urchin fertilized eggs throughout 
their development to the 4-arm pluteus larval stage. The antioxidant enzymes glutathione reductase (GR) and catalase (CAT), 
the phase II detoxification enzyme glutathione S-transferase (GST), and the neurotransmitter catabolism enzyme acetylcho-
linesterase (AChE) were assessed in combination with responses at the individual level (larval growth). CPF was the most 
toxic compound with 10 and 50% effective concentrations (EC10 and EC50) values of 60 and 279 μg/l (0.17 and 0.80 μM), 
followed by TPHP with EC10 and EC50 values of 224 and 1213 μg/l (0.68 and 3.7 μM), and by BPA with EC10 and EC50 
values of 885 and 1549 μg/l (3.9 and 6.8 μM). The toxicity of the three compounds was attributed to oxidative stress, to the 
modulation of the AChE response, and/or to the reduction of the detoxification efficacy. Increasing trends in CAT activity 
were observed for BPA and, to a lower extent, for CPF. GR activity showed a bell-shaped response in larvae exposed to CPF, 
whereas BPA caused an increasing trend in GR. GST also displayed a bell-shaped response to CPF exposure and a decreas-
ing trend was observed for TPHP. An inhibition pattern in AChE activity was observed at increasing BPA concentrations. 
A potential role of the GST in the metabolism of CPF was proposed, but not for TPHP or BPA, and a significant increase of 
AChE activity associated with oxidative stress was observed in TPHP-exposed larvae. Among the biochemical responses, 
the GR activity was found to be a reliable biomarker of exposure for sea urchin early-life stages, providing a first sign of 
damage. These results show that the integration of responses at the biochemical level with fitness-related responses (e.g., 
growth) may help to improve knowledge about the impact of toxic substances on marine ecosystems.

Keywords  Sea urchin · Embryo-larval bioassay · Biomarkers · Acetylcholinesterase · Antioxidant enzymes · Glutathione 
S-transferase

Introduction

A variety of biological measures can potentially be used to 
evaluate the risk of damage caused by environmental pol-
lutants to marine ecosystems, as long as they fulfill three 
fundamental conditions that allow obtaining relevant results 
at the ecosystem level: (i) to be easily standardizable, rapid, 
and cost-effective; (ii) to be sufficiently sensitive to the toxic 
effect of pollutants; and (iii) to have implications on the 
biological fitness of the individual (e.g., mortality, growth, 
reproduction, feeding rates) (Stebbing et al. 1980; Rand 
et al. 1995; Calow 1998). The responses to be measured 
can take place at different levels of biological organization. 
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Responses at the lowest levels of organization are usually 
sensitive and specific, and may be good indicators of pol-
lutant exposure (Viarengo et al. 2007; Lam 2009; Beiras 
2018). The validity of responses at cellular, molecular, and 
biochemical level, so-called biomarkers, has been well-
established in the assessment of marine pollution (McCa-
rthy and Shugart 1990; Viarengo et al. 2007; Beiras 2018). 
The measurement of biomarkers could serve as a diagnostic 
tool to understand the effect of pollutants on the health of 
organisms and to provide an “early-warning” signal of pol-
lution damage on ecosystems (McCarthy and Shugart 1990; 
Viarengo et al. 2007; Lam 2009; Martinez-Haro et al. 2015; 
Beiras 2018). However, the application of biomarkers in 
laboratory and field studies, including large-scale monitor-
ing programs, has also revealed their main weakness which 
is the limited knowledge of their ecological significance 
regarding the structure and function of the population or 
ecosystem (Bellas et al. 2014; Campillo et al. 2019), since 
the mechanistic link with individual- or population-level 
responses is usually not straightforward (Maltby et al. 2001). 
In this respect, it has been recommended that enzymatic 
biomarkers of exposure (e.g., the antioxidant enzymes glu-
tathione reductase and catalase or the phase II detoxification 
enzyme glutathione S-transferase), representing compensa-
tory responses of the organism (Campillo et al. 2013; Regoli 
and Giuliani 2014; Quetglas-Llabrés et al. 2020), should be 
used in combination with biomarkers of effect (e.g., indi-
cators of damage such as the neurotransmitter catabolism 
enzyme acetylcholinesterase) (Bocquené and Galgani 1998; 
Campillo et al. 2013; Vidal-Liñán and Bellas 2013), that 
may help to understand the potential consequences of these 
alterations on the health status of the organisms (Viarengo 
et al. 2007).

According to recent environmental legislation (e.g., the 
Water Framework Directive, 2000/60/EC or the Marine 
Strategy Framework Directive, 2008/56/EC), that has shifted 
towards a holistic view, where the ecosystem is used as the 
fundamental unit of environmental management (Bellas 
et al. 2014), the way forward for the application of biologi-
cal responses in marine pollution monitoring is the integra-
tion of responses at the molecular and biochemical levels 
with responses at higher levels of biological organization 
(e.g., Adverse Outcome Pathway concept, Ankley et al. 
2010; Martinez-Haro et al. 2015). In this way, a compro-
mise between the sensitivity and mechanistic explanation 
of the early signals of pollution damage and the ecological 
relevance of fitness-related responses would be achieved, 
which may allow taking preventive measures before the eco-
logical damage occurs (Clements 2000; Maltby et al. 2001).

The life stages of marine organisms show differences in 
their sensitivity to pollutants and, if the success of a species 
depends on its performance as it passes through successive 
phases of development, it is logical to use the most sensitive 

life stages to assess environmental quality (Stebbing et al. 
1980). It has been shown that the early developmental stages 
of marine invertebrates are more sensitive to toxicants than 
adults (e.g., Marin et al. 1991) and are therefore particularly 
suitable for assessing marine pollution. In fact, since Wil-
son’s pioneer work in the 1950s, liquid-phase bioassays with 
embryos and larvae of marine invertebrates have achieved an 
advanced stage of development (Kobayashi 1995; His et al. 
1999) and have become widely used routine tools by inter-
national agencies such as the US Environmental Protection 
Agency (Dinnel et al. 1989) or the International Council for 
the Exploration of the Sea (Beiras et al. 2012) to assess the 
water quality of coastal ecosystems. These bioassays can be 
appropriate systems to integrate responses at the biochemi-
cal level with fitness-related responses, as previously advo-
cated (Clements 2000; Maltby et al. 2001; Martinez-Haro 
et al. 2015), contributing to a better understanding of the 
impact of toxicants in marine ecosystems.

In this study, we aim to determine the effects of three 
environmentally relevant organic pollutants: chlorpyrifos 
(CPF), a neurotoxic organophosphate compound commonly 
employed as insecticide (John and Shaike 2015); triphenyl 
phosphate (TPHP), an organophosphate compound widely 
used as flame retardant and plasticizer (Wei et al. 2015); 
and bisphenol A (BPA), an endocrine-disrupting phenol 
derivative used primarily as plasticizer (López-Pacheco 
et al. 2019), on larvae of the sea urchin Paracentrotus livi-
dus. With that aim, four biochemical biomarkers widely 
employed in marine pollution studies were selected: the 
antioxidant enzymes glutathione reductase (GR) and cata-
lase (CAT), the phase II detoxification enzyme glutathione 
S-transferase (GST), and the neurotransmitter catabolism 
enzyme acetylcholinesterase (AChE) (Bocquené and Gal-
gani 1998; Vidal-Liñán et al. 2010; Campillo et al. 2013; 
Regoli and Giuliani 2014; Quetglas-Llabrés et al. 2020). 
CAT and GR are part of the antioxidant defense system that 
protect cells against the harmful effects of excess reactive 
oxygen species (ROS) resulting from exposure to pollut-
ants (Regoli and Giuliani 2014). CAT catalyzes the break-
down of hydrogen peroxide into water and oxygen and GR 
catalyzes the reduction of glutathione disulfide (GSSG) to 
glutathione (GSH), maintaining the GSSG/GSH balance 
essential for cellular homeostasis (Kirk 1969). GSTs are con-
jugation enzymes involved in the detoxification of organic 
compounds, which also play a role in protection against 
oxidative stress (Sheehan et al. 2001). AChE regulates the 
transmission of the nerve impulse by hydrolysis of the neu-
rotransmitter acetylcholine. AChE activity is inhibited by 
certain toxicants, altering the nerve impulse and leading to 
severe physiological effects (Bocquené and Galgani 1990).

This study also aimed to integrate the biochemical effects 
of the selected pollutants with effects at the individual level 
(larval growth) in order to understand the toxicants mode of 
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action and to establish the ecological meaning of the bio-
chemical responses, which currently represents one of the 
main challenges in ecotoxicology.

Materials and methods

Biological material

Mature P. lividus were collected in a pristine site located at 
the outer part of the Ría de Vigo (Galicia, NW Spain). Ani-
mals were transported to the laboratory in a portable icebox 
and maintained in aquaria with running natural seawater for 
1 week until the experiments. Handling conditions of the 
adult stock were 13.38 ± 0.85 °C temperature, 34.41 ± 0.77 
ppt salinity, and 7.66 ± 0.17 mg/l O2 (mean ± std). Sea 
urchins were fed with the green algae Ulva lactuca. Gam-
etes were obtained by dissection of adults, and their matu-
rity (egg sphericity and sperm mobility) was checked with 
a microscope according to Beiras et al. (2012). The eggs 
were transferred to a 100-ml graduated cylinder containing 
seawater, ca. 10 μl of the sperm was added, and the mixture 
was gently shaken to facilitate the fertilization. Aliquots of 
20 μl were taken to count the total number of eggs and ferti-
lized eggs in a Sedgewick-Rafter counting chamber.

Experimental solutions

Selected biocides were analytical grade CPF (O,O-diethyl 
O-3,5,6-trichloropyridin-2-yl phosphorothioate); BPA 
(4,4′-(propane-2,2-diyl)diphenol); and TPHP ((C6H5)3PO4), 
acquired from Sigma-Aldrich (Merck Life Science S.L.U., 
María de Molina 40, 28006 Madrid, Spain). Stock solutions 
were freshly prepared by dissolving the product in dimethyl 
sulfoxide (DMSO). The final concentration of DMSO never 
exceeded 0.01% (v/v), which had been previously found to 
be non-toxic to sea urchin embryos and larvae (Bellas et al. 
2005).

The experimental concentrations, obtained by serial dilu-
tion of the stock solution in filtered seawater (FSW, 1 μm 
filtered UV-irradiated) with oceanic characteristics, were 
below the water saturation levels of the tested compounds.

Experimental procedure

Exposure experiments carried out to define the toxicity of 
the three compounds consisted of delivering 350 fertilized 
eggs (i.e., those with a fertilization membrane) into glass 
vials with airtight Teflon-lined screw caps containing 20 
ml of the experimental solutions. Experimental concentra-
tions were based on previous work of the research group and 
on data from literature (e.g., Bellas et al. 2005; Lin 2009; 
Tato et al. 2018). The concentrations assayed were 2, 5, 10, 

50, 70, 100, 200, 400, 800, and 1000 μg/l for CPF; 200, 
400, 600, 800, 1000, 1200, 1500, 2000, 3000, and 5000 μg/l 
for BPA; and 1, 50, 100, 200, 500, 1000, and 1900 μg/l 
for TPHP. The vials were incubated in darkness for 48 h 
at 20 °C (until larvae reached the four-arm pluteus stage). 
Four replicates per treatment, including controls (FSW) 
and DMSO controls (0.01% v/v), were assayed for each 
experiment. After the incubation period, sea urchin larvae 
were preserved by adding a few drops of 40% buffered for-
malin and the mean larval growth (n = 35) was recorded. 
Larval growth was defined as the maximum dimension in 
the first 35 individuals per vial (including embryos), sub-
tracting the average of the diameter of the fertilized eggs 
(90.49 ± 4.53 μm) (Figure S1). Length of individuals was 
recorded using an inverted microscope (Axiovert 40 CFL, 
Carl Zeiss Microscopy GmbH, Jena, Germany) coupled to a 
DFK 42BUC03 digital camera (The Imaging Source Europe 
GmbH, Bremen, Germany) and Micro-Manager image anal-
ysis software version 1.4.17 (https://​micro-​manag​er.​org, 
Vale Lab, University of California San Francisco, USA). The 
EC10 and EC50 were defined as the toxicant concentrations 
causing 10% and 50% reduction in larval growth. Control 
embryogenesis success was always above 90%. Physico-
chemical conditions of the experiments were (mean ± SD) 
35.10 ± 0.64 psu salinity, 7.58 ± 0.01 mg/l O2, and 8.23 ± 
0.01 pH.

Exposure experiments for biomarker analysis were con-
ducted by delivering approximately 80,000 fertilized eggs 
(> 97% fertilization rate) into glass beakers containing 2 
l of the experimental solutions, reaching a density of 40 
embryos/ml. The concentrations assayed were 10, 35, 70, 
140, and 280 μg/l for CPF; 100, 200, 400, 800, and 1200 
μg/l for BPA; and 1, 50, 100, 250, and 1000 μg/l for TPHP. 
Four replicates per treatment were performed. Exposure 
beakers were gently aerated with 0.22 μm filtered air and 
were allowed to equilibrate for 1 h, before introducing the 
embryos. The beakers were incubated in darkness at 20 °C 
for 48 h. After the incubation period, samples of ca. 100 sea 
urchin larvae per replicate were preserved by adding a few 
drops of 40% buffered formalin, and the mean larval growth 
(n = 35) was recorded as mentioned above. The remaining 
larvae were filtered through 50-μm nylon mesh, collected in 
Eppendorf tubes, and processed for subsequent biomarker 
analysis.

All glassware was acid-washed (HNO3, 10% vol) 
and rinsed with acetone and distilled water before the 
experiments.

Biochemical analyses

Larval pools were homogenized at 4 °C in 1:3 wet weight/
buffer volume ratio in 100 mM phosphate buffer, pH 7.5 
containing 1 mM DTT and 1 mM EDTA, using a sonifier 
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(Hielscher UP200S) by 2 × 15 s sonication steps (0.5 cycle, 
40 amplitude). Samples were then centrifuged at 9000 × g 
during 10 min at 4 °C. The supernatant (S9 fraction) was 
separated in aliquots and stocked at a − 80 °C freezer for 
posterior measurement of enzymatic activities.

Biochemical measurements were carried out on Nicolet 
Evolution 300 spectrophotometer (Thermo Fisher Scientific 
Inc., USA) and Spectrafluor plus microplate reader (Tecan 
Group Ltd., Switzerland). All the enzymatic determina-
tions were carried out at 25 °C. AChE was determined by a 
modification of the Ellman method adapted for microplate 
(Bocquené and Galgani 1998). AChE activity was meas-
ured in the presence of 2.6 mM acetylthiocholine and 0.5 
mM 5,5-dithiobis-2-dinitrobenzoic acid, and the increase 
of absorbance was measured at 412 nm. GST activity was 
measured according to Habig et al. (1974) using chlorod-
initrobenzene as substrate. The formation of S-2,4-dinitro-
phenyl glutathione conjugate was monitored following its 
absorbance at 340 nm (extinction coefficient, ε = 9.6 mM/
cm). CAT activity was measured at 240 nm (ε = − 0.04 mM/
cm) in an assay mixture that contained 50 mM K-phosphate 
buffer pH 7.0 and 50 mM H2O2 (Claiborne 1985). GR activ-
ity was measured at 340 nm (ε = − 6.22 mM/cm) in an assay 
mixture that contained 100 mM K-phosphate buffer pH 7.0, 
1 mM GSSG, and 0.06 mM NADPH (Ramos-Martínez et al. 
1983). Assays were run at least in duplicate. In all cases, 
results were expressed in relation to the protein concentra-
tion of each subcellular fraction determined according to 
Lowry et al. (1951).

Chemical analyses

Water samples were taken at 0 h to check the initial con-
centrations of each toxicant. CPF and TPPH were analyzed 
in seawater samples by stir bar sorptive extraction coupled 
to gas chromatography-mass spectrometry (SBSE/GC/MS), 
following the method proposed by Rial et al. (2017) and 
optimized in this study adding TPPH analysis. Briefly, the 
procedure consisted of an SBSE stage with 100 g/l NaCl 
using commercial polydimethylsiloxane stir bars (Gerstel, 
Mulheim a/d Ruhr, Germany) shaken at 700 rpm for 22 h, 
after which analytes were thermo-desorbed from the stir and 
analyzed by GC/MS in full-scan mode. CPF-D10 was used 
as internal standard. The limits of quantification (LOQ) were 
established for a signal to noise ratio of 10, from a stand-
ard solution of 10 ng/l. The LOQ were 0.4 ng/l for CPF 
and 0.6 ng/l for TPPH, showing good reproducibility and 
repeatability.

BPA was analyzed in seawater samples by dispersive 
liquid-liquid microextraction followed by high-performance 
liquid chromatographic determination coupled to tandem 
mass spectrometry (DLLME-LC-MS/MS), using an Agi-
lent® 1200 series HPLC and Triple Quadrupole (QqQ) 3200 

(Applied Byosystems®), with electrospray ionization (ESI) 
source (see details in Salgueiro-González et al. 2012). Sam-
ples were analyzed in duplicate (DER% < 5). The LOQ was 
0.02 μg/l.

Statistical analyses

Data were analyzed for normality and homogeneity of 
variances using the Shapiro-Wilk test and the Levene test, 
respectively. Data that failed to pass homogeneity tests were 
log-transformed and re-tested. Data were then analyzed by 
one-way ANOVA, followed by the Student-Newman-Keuls 
post hoc test at a significance level of p < 0.05. Tests were 
performed using Infostat (Di Rienzo et al. 2013). Pearson 
correlation analysis and principal component analysis (PCA) 
were conducted to establish relationships between biological 
responses and to select the most relevant biomarkers. Cor-
relation analysis was performed using R (Mei and Yu 2018) 
and PCA was performed using the SPSS statistical package. 
A threshold factor loading of 0.5 was chosen to represent a 
good association between variables and components. Mul-
tiple linear regression was performed using the lm function 
in R. Larval growth was chosen as the independent variable 
and concentration and biomarker responses (CAT, GR, GST, 
and AChE) as explanatory variables.

The cumulative function of the Weibull distribution was 
used for describing the reduction in growth of sea urchin 
larvae exposed to pollutants (Rial et al. 2010):

where R is the response, K is the maximum value of the 
response, C is the concentration, m is the dose corresponding 
to the semi-maximum response, and a is a shape parameter.

A Gaussian model was used to describe those patterns 
of biomarker response with a bell shape (Motulsky 2021):

where R is the response, Base is the minimum value of 
the ordinates, Amplitude is the height of the distribution in 
Y units, Mean is the abscissa at the center of the distribution, 
and SD is a measure of the width of the distribution.

Results

Analysis of contaminants in seawater samples

Analysis of seawater samples revealed that initial CPF, BPA, 
and TPHP concentrations ranged between 74 and 105%, 94 
and 99%, and 80 and 85% of the nominal concentrations, 

(1)R = K − K

{

1 − exp

[

−in2
(

C

m

)a
]}

(2)R = Base + Amplitude × e(−0.5
x((C−Mean)∕SD)∧2)
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respectively (Table 1). Nominal concentrations were used 
for data analysis and presentation of the results.

Larval growth and biomarker analysis

CPF, BPA, and TPHP affected the embryonic development 
of the sea urchin P. lividus within the experimental con-
centration range in a dose-dependent manner (Figure 1, 
Figure  S1). According to the sigmoidal dose-response 
model (Eq. 1) used to describe the reduction in growth of 
sea urchin larvae exposed to these compounds, a strong 
relationship was found between the concentration of CPF 
(R2 = 0.985, p < 0.0001), BPA (R2 = 0.985, p < 0.0001), 

and TPHP (R2 = 0.964, p < 0.0001) and the larval growth 
inhibition (Table 2). CPF showed the highest toxicity, with 
EC10 and EC50 values of 60 and 279 μg/l (0.17 and 0.80 
μM), respectively (Table 2). TPHP showed lower toxicity 
than CPF yielding EC10 and EC50 values of 224 and 1213 
μg/l (0.68 and 3.7 μM), respectively. BPA was the less toxic 
compound, with EC10 and EC50 values of 885 and 1549 μg/l 
(3.9 and 6.8 μM), respectively.

Regarding the experiments carried out for biomarker anal-
ysis, a significant decrease in larval growth was observed in 
groups treated with 140 and 280 μg CPF/l (Figure 1). The 
exposure of embryos to 1000 μg/l of TPHP caused a > 40% 
growth inhibition. The treatment with BPA caused a slight 
significant increase in larval growth at 400 μg/l and a signifi-
cant decrease at the highest concentration tested (1200 μg/l).

No significant alteration of CAT enzymatic activity was 
detected after exposure to CPF, TPHP, or BPA (Figure 2). 

Table 1   Nominal and measured concentrations (μg/l) of chlorpyrifos, 
triphenyl phosphate, and bisphenol A, at the beginning of the experi-
ments (t0)

Nominal concentra-
tion (μg/l)

Measured 
concentration 
(μg/l)

Chlorpyrifos 0 < 0.020
1 0.74
10 7.6
100 105

Triphenyl phosphate 0 < 0.020
1 0.82
100 79.9
1000 854

Bisphenol A 0 < 0.020
100 94
400 397
1200 1126

Table 2   Summary of the parametric estimates and confidence inter-
vals (α = 0.05) obtained by fitting Eq. 1 to the growth of sea urchin 
larva exposed to chlorpyrifos, triphenyl phosphate, and bisphenol A. 
Statistical values of adjusted coefficient of multiple determination 
(adj. R2) and p values from Fisher’s F test (α = 0.05) are also sum-
marized

Parameter Chlorpyrifos Triphenyl phosphate Bisphenol A

K 1 1 1
m/EC50 (μg/l) 278.8 ± 41.0 1212.9 ± 251.1 1549.0 ± 109.3
a 1.2 ± 0.3 1.1 ± 0.4 3.4 ± 1.0
EC10 (μg/l) 60.0 ± 24.2 223.5 ± 136.4 884.6 ± 157.1
adj. R2 0.985 0.964 0.985
p value 0.000 0.000 0.000
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Fig. 1   Inhibition of sea urchin larval growth by chlorpyrifos (left), 
triphenyl phosphate (center), and bisphenol A (right). Square: expo-
sure experiments carried out to define the toxicity of each substance. 

Circle: exposure experiments for biomarker analysis. Lines represent 
the fittings of experimental data to Eq. 1 for the square. Bars repre-
sent standard errors
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However, increasing trends in CAT activity were observed 
for BPA and, to a lower extent, for CPF.

A significant induction of GR activity was observed at 
increasing CPF concentrations up to 140 μg/l, followed 

by a decrease to control levels at the highest concentra-
tion tested (280 μg/l) (Figure 2). This response pattern is 
characterized by a bell-shaped curve and fits well with 
a Gaussian model (Figure 3, Table S1, R2 = 0.798, p < 
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Fig. 2   Catalase (CAT), glutathione reductase (GR), glutathione 
S-transferase (GST), and acetylcholinesterase (AChE) activities in 
sea urchin larvae exposed to chlorpyrifos (left), triphenyl phosphate 
(center), and bisphenol A (right). “0”: DMSO controls (< 0.01 % 

v/v). Data were analyzed by one-way ANOVA, followed by post hoc 
Student-Newman-Keuls test at a significance level of p < 0.05. Bars 
represent standard errors
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0.01). No significant variation of GR enzymatic activ-
ity was detected after exposure to TPHP. BPA caused an 
increasing trend in GR activity (Figure 2, R2 = 0.548, p 
= 0.09), although no significant alterations were detected 
with respect to the control.

GST also displayed a bell-shaped response to CPF expo-
sure (Figures 2 and 3); although, in this case, the fit to the 
Gaussian model was not significant (Table S1, R2 = 0.618, 
p = 0.147). The highest GST activity values were observed 
at 70 μg/l and a decrease was observed at the two highest 
CPF concentrations (140 and 280 μg/l). No significant dif-
ferences in GST activity were found at any of the TPHP or 
BPA tested concentrations with respect to controls, although 

a significant decreasing trend was observed for TPHP (Fig-
ure 2, R2 = − 0.792, p < 0.05).

No significant alteration of the AChE activity was regis-
tered after CPF or BPA exposure at any of the tested concen-
trations, but an inhibition trend was observed at increasing 
BPA concentrations (Figure 2, R2 = 0.790, p < 0.05). TPHP 
exposure caused a significant increase of the AChE activity 
at 100 and 250 μg/l, and the activity value returned to the 
control levels at the highest tested concentration (1000 μg/l) 
(Figure 2).

Correlations between molecular biomarkers

Pearson correlation analysis evidenced that the relationships 
between biomarkers were toxicant-specific. The strongest 
correlations for CPF exposure were detected between GST 
and AChE (R2 = − 0.832), and between GST and GR (R2 
= − 0.532), but only the inverse correlation with AChE was 
significant (p < 0.05; Figure 4A). Regarding BPA expo-
sure, the strongest correlations were found between GR 
and CAT (R2 = 0.839) and between GR and GST (R2 = 
− 0.697), being statistically significant the positive correla-
tion between GR and CAT (p < 0.05; Figure 4B). A positive, 
although not statistically significant, correlation between 
GST and CAT (Figure 4C, R2 = 0.630) was found for TPHP.

Correlations between molecular biomarkers 
and larval growth

A satisfactory description of the sea urchin larval growth 
was obtained from the explanatory variables of the multiple 
linear regression model for CPF (adj. R2 = 0.904, p < 0.01) 
and TPHP (adj. R2 = 0.891, p < 0.001); not so for BPA 
(adj. R2 = 0.274, p = 0.112) (Table S2). In the case of CPF, 
the explanatory variables Concentration and GR showed a 
statistically significant relationship with larval growth. For 
TPHP, the most relevant explanatory variables were Con-
centration and AChE. A correlation of larval growth with 
CAT activity was detected for BPA though the general fit of 
the model was poor.

Principal component analysis

The two principal components of the PCA explained 83.5% 
of the total variation (Figure 5). PC1 (56.0% of total vari-
ance) was defined by high loadings of the four enzymatic 
activities: AChE (− 0.850), CAT (0.771), GR (0.736), and 
GST (− 0.618). Thus, larvae with higher oxidative stress, 
according to CAT and GR levels, would have a lower activ-
ity of the phase II detoxification enzyme GST and a decrease 
in levels of the neurotoxicity biomarker AChE. PC2 (27.4% 
of the total variance) was defined mainly by GST (0.723) and 
to a lower extent by GR (0.549). Sea urchin larvae exposed 
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to CPF, TPHP, and BPA were clearly discriminated by the 
PCA. CPF-exposed larvae were associated to the positive 
part of PC2. The value of PC2 increased at increasing CPF 
concentrations, up to 70 μg/l, and decreased at the two high-
est CPF concentrations (140 and 280 μg/l), according to the 
variation of GST and GR activities, that increase at lower 
CPF concentrations and decrease at higher CPF concentra-
tions. TPHP-exposed larvae were mainly distributed in the 
negative part of both PC1 and PC2. These larvae showed a 
similar pattern than those exposed to CPF, with an increase 
of PC2 values at increasing TPHP concentrations up to 100 
μg/l and a subsequent decrease at the two highest concentra-
tions (250 and 1000 μg/l), linked to a decrease in GST levels. 
BPA-exposed larvae were located in the positive part of PC1 
and in the negative part of PC2. In this case, the response to 
the toxicant is linked to both PC1 and PC2, and is defined 

by the increase in GR and CAT and the decrease in AChE 
levels.

Discussion

The toxic effects of three selected organic substances, the 
organophosphate insecticide CPF, the organophosphate 
flame retardant and plasticizer TPHP, and the endocrine-
disrupting phenol derivative BPA, on early stages of devel-
opment of the sea urchin P. lividus, were studied. The 
occurrence of these pollutants has been reported not only 
in coastal areas but also at certain distance from pollution 
sources (León et al. 2020; Zhong et al. 2017). Seawater con-
centrations of 0.20, 0.0008, and 0.48 μg/l have been recorded 
for CPF, TPHP, and BPA (Campillo et al. 2013; Zhong et al. 
2017; Salgueiro-González et al. 2019). CPF, TPHP, and BPA 
provoked alterations in the sea urchin larval growth after 48 
h of incubation at the tested concentrations. The EC10 and 
EC50 values for larval growth obtained in the present study 
agree with previous research carried out with sea urchin 
embryos for CPF (Bellas et al. 2005; Buono et al. 2012) and 
BPA (Kiyomoto et al. 2006; Özlem and Hatice 2008; Tato 
et al. 2018), reporting effects at similar concentrations than 
those reported here. However, no information is available 
on the toxicity of TPHP on sea urchin embryos and lim-
ited toxicological information has been obtained on early 
stages of aquatic organisms, mainly on zebrafish (Danio 
rerio), reporting effects within the range of 40–29,600 μg/l 
(geometric mean: 650 μg/l) (e.g., Isales et al. 2015; Jarema 
et al. 2015; Achenbach et al. 2020). These effect concentra-
tions are, in general, higher than concentrations detected in 
seawater for these substances (usually < 0.5 μg/l) (Campillo 
et al. 2013; Liu et al. 2018; Salgueiro-González et al. 2019), 
although higher concentrations can be present close to main 

Fig. 4   Pearson correlation coefficients between enzymatic activities, larval growth, and CPF (A), BPA (B), and TPHP (C) concentrations
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pollution sources or, in the case of plastic additives, close to 
high plastic debris accumulation.

Regarding the biomarker responses, sea urchin larvae 
exposed to each toxicant were discriminated by the PCA, 
probably due to the different mechanisms of toxicity of these 
substances during embryonic and larval development. A typ-
ical bell-shaped response was observed in GR activity after 
CPF exposure. The GR catalyzes the reduction of GSSG 
to the sulfhydryl form, GSH (Kirk 1969). GSH plays an 
essential role in protecting against oxidative stress and in the 
maintenance of the reducing environment of the cell, acting 
as a key cellular antioxidant that is also involved in phase II 
biotransformation of xenobiotics (Kehrer et al. 2010). The 
bell-shaped response pattern observed here for GR is com-
mon in enzymes whose activity is induced by exposure to 
environmental pollutants, when the exposure occurs above 
a certain threshold (Viarengo et al. 2007). The findings pre-
sented here suggest that CPF exposure produces oxidative 
stress, increasing the levels of ROS that at low and medium 
concentrations results in the induction of the enzyme synthe-
sis, causing an increase in the enzymatic activity in order to 
control the oxidative stress. This is in agreement with other 
studies that reported the induction of oxidative stress after 
exposure to organic chemicals, including CPF, in aquatic 
and terrestrial organisms (Kavitha and Rao 2008; Wu et al. 
2011; Patetsini et al. 2013; Negro et al. 2019; Banaee et al. 
2020). In fact, an important role of ROS production in the 
toxicity mechanism of CPF has been reported in fish (Botté 
et al. 2012). Conversely, higher CPF concentrations lead to a 
decrease of the GR activity, which may be due to the altera-
tion of the oxidative stress balance, the direct inhibition of 
the enzyme caused by the toxicant, and/or the increase in 
the catabolic rate (Viarengo et al. 2007). As a result, the GR 
would not be able to reduce the produced GSSG to GSH 
and modulate the effects of CPF (Regoli and Giuliani 2014).

GSTs are phase II detoxification enzymes that catalyze 
the conjugation of GSH to a range of organic compounds, 
preventing them from reacting with target molecules in the 
cell and making them more water-soluble and more easily 
excreted (Sheehan et al. 2001; Balogh and Atkins 2011). 
There is abundant literature on the increase of the GST activ-
ity in response to a wide range of xenobiotics, although a 
high interspecific variability has been reported (Hayes et al. 
2005). The GST activity of CPF-exposed sea urchin lar-
vae shows a similar bell-shaped response pattern than GR, 
decreasing at the highest CPF concentrations, and therefore 
suggesting a potential role of the GST pathway in the metab-
olism of CPF, as had been previously indicated (Fujioka and 
Casida 2007). This finding is supported by the distribution 
of CPF-exposed sea urchin larvae along the positive part 
of PC2, defined mainly by the variation of GST and GR 
activities. However, other studies did not find evidence of the 
involvement of GST in the detoxification of CPF in marine 

organisms such as mussels or fish, and a species-dependent 
response of the GST activity to CPF has been suggested 
(Botté et al. 2012; Perić and Burić 2019). Moreover, the 
increase in GST may also be associated with the metabo-
lism and elimination of oxidative stress products, such as 
the reduction of lipid peroxides or the regeneration S-thi-
olated proteins (Singhal et al. 1994; Sheehan et al. 2001; 
Pham et al. 2002). On the other hand, since GST and GR are 
linked through the GSH recycling system, the GST decrease 
observed at high CPF concentrations is probably related to 
the decrease in the content of available GSH due to GR dys-
function (Regoli and Giuliani 2014), which is also reflected 
in the decreasing values of CPF-exposed larvae along the 
PC2 axis at the highest CPF concentrations. Inhibition of 
GST activity has also been reported in fish species exposed 
to CPF (Kavitha and Rao 2008) and CPF mixtures (Wang 
et al. 2009). This decrease in antioxidant defenses and phase 
II response ultimately affects the normal growth of the sea 
urchin larvae (as indicated by the multiple linear regression 
model) which is significantly impaired at the highest CPF 
concentrations.

The CAT activity did not show the same response pattern 
as GST or GR in CPF-exposed sea urchin embryos. ROS 
metabolization appears to take place mainly by glutathione 
peroxidases (GPx), as indicated by the initial increase in 
GR activity to regenerate GSH. GPx use the reduced form 
of GSH to decompose peroxides yielding GSSG which is 
regenerated through an active GR redox cycle (Regoli and 
Giuliani 2014). The increase in GR activity under stress con-
ditions, linked to that of GPx, has been observed in differ-
ent organisms (González-Fernández et al. 2015; Haque et al. 
2019). Although CAT is predominant in H2O2 detoxification, 
catalyzing the decomposition of H2O2 into water and oxy-
gen, GPx is the first antioxidant defense mechanism to be 
activated since it has more affinity than CAT to H2O2 (Vidal-
Liñán et al. 2010). In this line, CAT would only increase 
when oxidative stress is very high, explaining the different 
response patterns between CAT and GR.

Limited information is available about the mode of 
action of TPHP. Developmental neurotoxicity, alteration 
of neurotransmitters, and gene and protein expression in 
the central nervous system have been observed in zebrafish 
larvae (Shi et al. 2018). In the present study, no effect of 
TPHP exposure was observed on CAT and GR activities, 
despite oxidative stress has previously been reported after 
exposure to other organophosphates in vivo and in vitro, in 
fish (e.g., the zebrafish, Du et al. 2019) and marine inver-
tebrates (e.g., the mussel, Mytilus galloprovincialis, Meng 
et al. 2019). GST activity remained unchanged at low TPHP 
concentrations, but a decreasing trend was observed at 
higher concentrations, which resulted in a reduction of the 
detoxification efficacy, as shown by the decreasing values 
of TPHP-exposed larvae along the PC2 axis at the highest 
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TPHP concentrations. The decreased levels of this phase II 
biotransformation enzyme resulted in a > 40% inhibition of 
larval growth at the highest TPHP concentration.

BPA acts as an endocrine disruptor since its mode of 
action in biological systems is through steroidal hormone 
mimicking (Gorini et al. 2020). As other endocrine disrup-
tors, BPA also induces oxidative stress causing damage in 
several tissues, especially during early development (Dutta 
and Paul 2018, 2019). BPA exposure caused increasing 
trends of GR and CAT activities in sea urchin embryos, 
as shown by the PCA distribution in the positive part of 
PC1. No effect of BPA on the GST activity was observed, 
though, suggesting that GST is not involved in the metabo-
lism of BPA in sea urchin embryos. The positive correlation 
between GR and CAT which, in turn, is negatively correlated 
with larval growth supports the idea that BPA is generat-
ing oxidative stress in sea urchin embryos that leads to a 
delay in their growth at the highest concentration. Likewise, 
Goto et al. (1992) found that the progress of mouse embry-
onic development in vitro was delayed by oxidative stress 
(protein-thiol oxidation). However, a significant increase in 
larval growth was observed at 400 μg BPA/l, which might 
be related to the activation and interplay of several detoxi-
fication processes (e.g., defense mechanisms against ROS). 
Usually, at low or medium concentrations, the detoxifica-
tion processes occur to modulate the effects of xenobiotics 
and maintain the normal function of the organism. This is 
evidenced here by the normal growth of the sea urchin lar-
vae, which may even increase as a secondary effect, at the 
lowest toxicant concentrations. In this line, Bošnjak et al. 
(2014) evidenced the role of the multidrug efflux transporter 
P-glycoprotein (P-gp/ABCB1) in the protection of P. lividus 
embryos and larvae against BPA. However, beyond a certain 
point, further increases in the toxicant concentration may 
overwhelm the detoxification system, generating the accu-
mulation of toxic metabolites and leading to adverse effects 
(Depledge et al. 1993; Jung et al. 2001). In fact, Arslan and 
Parlak (2016) reported genotoxic damage (increased micro-
nuclei frequencies) in P. lividus embryos exposed to BPA.

The inhibition of AChE (and the associated neurotoxicity) 
by organophosphate pesticides is a well-studied response 
(Kavitha and Rao 2008; Wu et al. 2011). In this work, no sig-
nificant inhibition of AChE activity was observed after CPF 
and TPHP exposure. As has been previously demonstrated, 
early sea urchin embryos develop a functional cholinergic 
response system, including the expression of the essential 
receptors and the signaling cascades (Buznikov et al. 1996; 
Buznikov et al. 2001; Qiao et al. 2003). Neurotransmitters 
such as acetylcholine are present in these embryos, playing 
different roles in regulatory processes during ontogenesis 
(gametogenesis, fertilization, cleavage divisions, or early 
cell interactions), even before the development of the nerv-
ous system (Buznikov et al. 1996). AChE is also found in 

early sea urchin embryos but its activity is not high, increas-
ing sharply during gastrulation (Buznikov 1984; Buznikov 
et al. 1996). The release of neurotransmitters at early devel-
opmental stages takes place by direct release, without enzy-
matic inactivation, whereas during and before gastrulation, 
the enzymatic excretion becomes increasingly important 
(Buznikov 1984). This may explain the low sensitivity of 
the AChE activity to CPF and TPHP observed in this study. 
In this regard, in other sea urchin species (Hemicentrotus 
pulcherrimus), the AChE activity at 24 h was insignificant 
compared to that at 48 h after hatching and increased four 
times from 36 to 48 h (Zhang et al. 2017). When H. pulcher-
rimus larvae were exposed to the organophosphate pesti-
cide monocrotophos, significant AChE inhibition occurred 
only after 48 h, being even higher than controls after 36 h 
(Zhang et al. 2017). On the other hand, in contrast to what is 
expected, the present study reports a significant increase of 
AChE activity in TPHP-exposed sea urchin larvae. Several 
studies have suggested that elevated AChE activity levels are 
associated with oxidative stress (Melo et al. 2003; Rosem-
berg et al. 2010; Santos et al. 2012). Moreover, Reutgard 
and Furuhagen (2016) linked the increase of AChE and 
oxidative stress with the frequency of malformed embryos 
and arrested embryo development in the benthic amphipod 
Monoporeia affinis. Cholinesterases play an important role 
in regulating cell-to-cell interactions and other relevant bio-
logical events such as those occurring during the embry-
onic development (Falugi and Aluigi 2012). As suggested 
by these authors, understanding the regulation mechanisms 
of these events can help to establish the impact of neurotoxic 
substances on the environment. These AChE functions may 
provide an explanation to the association between the AChE 
activity and the decrease in larval growth indicated by the 
multiple linear regression model for TPHP.

The mechanism of action of organophosphates, mainly 
based on the inhibition of the AChE activity is, in the 
case of CPF, mediated by its metabolite chlorpyrifos oxon 
(Buznikov et al. 2001). Thus, an explanation for the lack of 
AChE inhibition under CPF exposure in sea urchin embryos 
could be related to the lack, unlike in fish, of a CPF metab-
olism pathway capable of generating the oxon derivative 
that causes the AChE inhibition by reacting with its active 
center. However, non-cholinergic neurotoxic effects of CPF 
have also been reported in sea urchin embryos, even at lower 
concentrations than AChE inhibition (Buznikov et al. 2001; 
Buznikov et al. 2007). Interestingly, a significant inhibition 
pattern in the AChE activity was observed with increasing 
BPA concentrations, which suggests a neurotoxic effect of 
BPA, as has previously been reported for freshwater species 
(Chen et al. 2017; Liu et al. 2019). Therefore, considering 
that AChE activity increases markedly at later developmen-
tal stages, these results suggest that BPA could significantly 
generate neurotoxicity in P. lividus development.
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Summing up, the present work reports a decrease in 
sea urchin larval growth after exposure of newly fertilized 
embryos to CPF, BPA, and TPHP for 48 h that may have 
implications on the fitness of the population. This altera-
tion of the larval growth would be attributed to oxidative 
damage, to the modulation of the AChE response, and/
or to the reduction of the detoxification efficacy, during 
embryonic and larval development. Sea urchin embryos 
exposed to CPF, BPA, and TPHP showed different patterns 
of response, probably due to the different ability of these 
chemicals to produce ROS and activate defense mecha-
nisms. These biological responses have been widely used 
as pollutant biomarkers in adult marine organisms to show 
adverse effects before they are irreversible. Changes in 
these biochemical parameters in early life stages of devel-
opment may be relevant for the assessment of the toxicity 
mechanisms of pollutants and also have ecological signifi-
cance, since they appear to be related to growth; so they 
may contribute to understanding the impact of toxic sub-
stances on marine ecosystems. Among the studied oxida-
tive stress responses, the GR activity has been found to be 
a reliable biomarker of exposure to chemical agents, pro-
viding a first sign of damage caused by pollutants on sea 
urchin early-life stages. A potential role of the GST in the 
metabolism of CPF is proposed, but not in the metabolism 
of TPHP or BPA. Regarding BPA, an inhibition pattern of 
the AChE activity is shown that could be more pronounced 
at later stages of development. On the other hand, increas-
ing levels of AChE activity were found at the lower con-
centrations of TPHP, followed by a decrease to the control 
values at higher concentrations, when larval growth was 
affected. The interaction between AChE and antioxidant 
enzymes in response to organophosphate compounds is 
suggested, which should be interesting to address in future 
works including chronic exposures of sea urchin larvae.
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