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A B S T R A C T

Bisphenol A (BPA) analogues are emerging contaminants, whose ecotoxicological profile for aquatic species, 
particularly marine ones, is little known. In this study, the effects of an environmentally realistic concentration 
(300 ng/L) of three BPA analogues (BPAF, BPF, and BPS) - alone or as a mixture (MIX) – were evaluated for the 
first time on the crab Carcinus aestuarii. A multibiomarker approach was adopted to assess the effects of 7 and 14 
days of exposure on haemolymph parameters, gill and hepatopancreas biochemical parameters, and physio
logical responses of crabs. Bioaccumulation of the three bisphenols was also investigated in crabs by UHPLC- 
HRMS. A significant reduction in total haemocyte counts was recorded in crabs exposed for 7 days to BPAF 
and MIX and for 14 days to the MIX, whereas an increase was found in crabs treated for 14 days with BPAF. Cell 
proliferation increased significantly in crabs exposed for 14 days to BPS and MIX. An imbalance of the antiox
idant system, as well as oxidative damage, was recorded in gills and hepatopancreas. No neurotoxic effects were 
observed in crabs. At the physiological level, exposure to MIX increased the respiration rate of crabs. As for 
bioaccumulation, only bisphenol AF was detected in crabs. Overall, the present study demonstrated that BPA 
analogues can affect some important cellular parameters, induce oxidative stress and alter physiological re
sponses in crabs.

1. Introduction

Bisphenol A (BPA) is recognized as an endocrine disruptor chemical 
and the concern regarding its toxicity has led to some limitations in its 
use. Therefore, since the 2010s several regulations were enforced in the 
USA, Canada and EU to ban BPA from materials destined for infants and 
released from food contact materials (FDA, 2012; FDA, 2013 and Gov
ernment of Canada, 2010). A similar regulation was imposed also in the 
European Union in 2011, where BPA use in polycarbonate infant feeding 
bottles was restricted (Michałowicz, 2014), moreover, UE settled a BPA 
concentration of 2,5 μg/L in drinking water (EU, 2020). Furthermore, 
the EU limited BPA usage to less than 0.02% by weight in thermal paper 
since 2020 (EU, 2016), similar to the largest USA thermal receipts 
manufacturer that removed BPA from its formulation (Konkel, 2013).

Consequently, BPA was replaced by several structurally similar 

molecules (more than 140 novel synthetic compounds), called BPA an
alogues. Among these, bisphenol AF (BPAF), bisphenol F (BPF) and 
bisphenol S (BPS) are the most used. These compounds are commonly 
used as polycarbonate copolymers, epoxy resins, liners, water pipes, 
toys, adhesives, food packaging and in thermal paper manufacture 
(Chen et al., 2016).

Generally, BPA analogues were found in freshwater and marine en
vironments with concentrations ranging from a few ng/L up to tens of 
ng/L, lower than those experienced for BPA. However, some contami
nation scenarios of concern have been reported, mainly in Asia. For 
instance, BPAF was recorded up to 160 ng/L in a wastewater treatment 
plant (WWTP) in China (Wang et al., 2022), while it reached 84 ng/L in 
surface water samples from China lakes (Yan et al., 2017). In the case of 
BPF, it reached a maximum concentration of 1300 ng/L in water samples 
from the Han River in Korea, and it reached 2850 ng/L in the Tamagawa 
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River in Japan (Yamazaki et al., 2015). Furthermore, BPS reached 932 
ng/L, in WWTP in China (Huang et al., 2020), while in urban river 
water, the mean concentration was 3720 ng/L, with a maximum 
detected concentration of 65600 ng/L (Huang et al., 2018). Regarding 
seawaters, the three compounds have been commonly detected at con
centrations up to tens of ng/L, even if in some cases concentrations 
reached dozens or hundreds of ng/L, as in the case of BPF in Tokyo Bay 
where it reached a maximum concentration of 1470 ng/L (Fabrello and 
Matozzo, 2022; Yamazaki et al., 2015), potentially exceeding the pre
dicted no-effect concentrations (PNEC). Indeed, PNECs predicted by 
quantitative structure-activity relationship models in freshwater and 
marine water for the three compounds are 1.02 μg/L and 100 ng/L for 
BPAF, 5.44 μg/L and 540 ng/L for BPF, and 12,9 μg/L and 27 μg/L for 
BPS, respectively (NORMAN Ecotoxicology Database, 2024). However, 
the PNECs were adopted as legislative value only for BPA, which was 
settled at 1500 ng/L for freshwater and 150 ng/L in marine water by the 
EU, while the other BPA analogues are still not regulated (EU, 2008).

Despite the scientific interest in the presence of such compounds in 
the environment is increasing, information about the ecotoxicological 
effects of BPA analogues on aquatic organisms is scarce. Some studies 
demonstrated that BPA analogues have an endocrine potential similar to 
that of BPA (Andújar et al., 2019; Chen et al., 2016), while other studies 
reported that BPA analogues can cause oxidative stress (Park et al., 
2018; Seoane et al., 2021). To fill the information gap on the toxic effects 
of BPA analogues on aquatic species, in this study, the biological effects 
and bioaccumulation of BPAF, BPF, BPS and their mixture were evalu
ated for the first time in crabs. A suite of biomarkers indicative of 
cytotoxicity, oxidative stress and damage, neurotoxicity, and physio
logical performance were evaluated in the crab Carcinus aestuarii. This 
crab species was selected because it is considered a model species in 
ecotoxicological studies (Gürkan, 2018; Qyli et al., 2020; Rodrigues and 
Pardal, 2014) and for its ecological and economic values in marine 
coastal areas, such as the Lagoon of Venice. The hypothesis we tested 
was whether medium (7 days) and long-term (14 days) exposure to BPA 
analogues can alter important biological responses in target tissues of 
crabs. Indeed, we expected that exposure to BPA analogues can cause 
significant alterations in biomarker responses of crabs like those already 
observed in our previous studies on microalgae (Fabrello et al., 2023a) 
and bivalves (Fabrello et al., 2023b).

2. Materials and methods

2.1. Crab acclimation and exposure

C. aestuarii specimens were collected by handmade traps in a licensed 
area for clam culture in the Lagoon of Venice (Italy) and acclimated for 7 
days in large aquaria filled with aerated seawater (salinity of 35 ± 1, 
temperature of 12 ± 0.5 ◦C) and a photoperiod of 10:14 h light:dark, 
every day. Mussels (Mytilus galloprovincialis) were provided ad libitum as 
food. To avoid the effects of gender on biomarker responses, only male 
crabs (5 cm mean carapace length) without obvious injuries or infection 
were used for the experiments.

After the acclimation, crabs were exposed for 7 and 14 days to 300 
ng/L of BPAF, BPF, BPS and to a mixture (MIX) composed of 100 ng/L of 
each BPA analogue in 35 L glass tanks (two tanks per concentration, 
with 30 crabs per tank) under the same laboratory conditions adopted 
during crab acclimation phase. Bisphenol concentrations were chosen 
based on literature data on the presence of these compounds in aquatic 
ecosystems, including coastal marine ones (see Introduction). Stocks 
solution of BPAF and BPF were prepared in methanol, while BPS was 
solubilised in ultrapure water, at a concentration of 100 mg/L. All the 
reagents were purchased from Merck (Milan, Italy) and bisphenols were 
used at the analytical standard grade. The concentration of methanol 
used in BPAF and BPF exposure tanks corresponded to 0.0003%. A 
solvent control was not performed, since it is known that methanol can 
exert acute and chronic effects at higher concentrations (tens and 

hundreds of mg/L) in aquatic species, including crustaceans 
(Hutchinson et al., 2006; Kaviraj et al., 2004). Seawater, BPA analogues, 
and food supply (one mussel per crab) were renewed every 48 h.

In this study, bioaccumulation in crabs was evaluated and not the 
actual concentrations of the contaminants in seawater from exposure 
tanks because bisphenol actual concentrations were previously evalu
ated in an experiment like the present testing the same concentrations 
for the same exposure duration (7 and 14 days). In that study, the actual 
concentrations were very similar to the nominal ones (Fabrello et al., 
2023b).

2.2. Tissue collection

Haemolymph was collected from the abdominal segment by a 1-mL 
plastic syringe and stored in tubes on ice. At each sampling time (7 and 
14 days), 5 pools of haemolymph (from four crabs each) for each 
experimental condition were prepared. After sampling, total haemocyte 
count (THC), haemocyte diameter and volume, lactate dehydrogenase 
(LDH) activity and haemocyte proliferation (XTT assay) were measured. 
The remaining sample of pooled haemolymph was then centrifuged at 
780×g for 10 min and the pellets (=haemocytes) were resuspended in 
distilled water to obtain haemocyte lysate (HL), frozen in liquid nitrogen 
and stored at − 80 ◦C until analyses. Gills and hepatopancreas were 
excided from crabs and pooled to obtain five different pools of four crabs 
each, divided into aliquots, frozen in liquid nitrogen, and stored at 
− 80 ◦C until analyses.

2.3. Haemolymph and haemocyte biomarkers

THC, haemocyte diameter and volume, were determined using a 
Scepter™ 2.0 Automated Cell Counter (Millipore, FL, USA). In detail, 20 
μL of haemolymph were diluted into 2 mL of Coulter Isoton II diluent. 
The THC was expressed as the number of haemocytes (106)/mL of 
haemolymph, while haemocyte diameter and volume were expressed in 
μm and picolitres (pL), respectively.

LDH activity in cell-free haemolymph (CFH) was measured using a 
commercial kit (Cytotoxicity Detection Kit, Roche). Briefly, haemolymph 
was centrifuged at 780×g for 10 min, and 500 μL of supernatant (=CFH) 
was then collected for the assay following the manufacturer’s in
structions. The results were expressed as optical density (OD) at 490 nm.

Haemocyte proliferation was evaluated using the Cell proliferation Kit 
II. In detail, a volume of 200 μL of the reagent mixture provided by the 
kit was added to 400 μL of pooled haemolymph and incubated for 4 h. 
The absorbance at 450 nm was then recorded and results were 
normalized to THC values of each experimental group and expressed as 
optical density (OD) at 450 nm.

The lysozyme activity was measured in haemocyte lysate (HL) 
derived from pooled haemolymph. Briefly, 50 μL of HL was added to 
950 μL of a 0.15% suspension of Micrococcus lysodeikticus (Sigma) in 66 
mM phosphate buffer (pH 6.2), and the decrease in absorbance was 
continuously recorded at 450 nm for 3 min at room temperature. The 
results were expressed as μg lysozyme/mg of protein.

The arylsulfatase activity was measured in HL samples according to 
Zucker-Franklin et al. (1983). The amount of produced p-nitrocatechol 
was quantified after 1 h at 515 nm using a microplate reader and then 
calculated using the formula proposed by Baum et al. (1959). Results are 
expressed as μg of p-nitrocatechol produced per hour/mg of protein.

The acid phosphatase, alkaline phosphatase and phenoloxidase (PO) 
activity were measured both in HL and CFH. The acid phosphatase hy
drolyses the substrate 4-nitrophenyl phosphate during the incubation at 
37 ◦C and the absorbance was read at 405 nm using a microplate reader. 
Results were expressed as U/mg of protein. Similarly, the alkaline 
phosphatase hydrolyses the same substrate in an alkaline buffer and 
after the incubation at 30 ◦C the absorbance was recorded at 405 nm 
(Ross et al., 2000). PO activity was quantified using l-DOPA (3,4-dihy
droxy-l-phenyl-alanine, Sigma) as substrate in a colorimetric assay. In 

J. Fabrello et al.                                                                                                                                                                                                                                 Marine Environmental Research 202 (2024) 106800 

2 



detail, one hundred μL of HL and CFH were added to 900 μL of 1 mg 
L-DOPA/mL of phosphate buffered saline, pH 7.2 and incubated for 30 
min at 37 ◦C. Absorbance at 490 nm was then recorded and results were 
expressed as U/mg of proteins (Matozzo et al., 2011).

The glucose level in haemolymph was measured using a coupled 
colorimetric reaction. Indeed, the glucose was oxidized to gluconic acid 
originating hydrogen peroxide that reacts with o-dianisidine giving a 
colored compound quantified at 430 nm (Odebunmi and Owalude, 
2007). Results were expressed as mg glucose/mL of haemolymph.

2.4. Antioxidant, oxidative damage, and neurotoxicity biomarkers

Gills and hepatopancreas samples were homogenized for 5 min and 
50 oscillations per second at 4 ◦C using TissueLyser LT (Quiagen) in four 
volumes of 10 mM Tris-HCl buffer, pH 7.5, containing 0.15 M KCl, 0.5 M 
sucrose, 1 mM EDTA and protease inhibitor cocktail (1:10 v/v) (Sigma- 
Aldrich). After the centrifugation at 12,000 g for 30 min at 4 ◦C, su
pernatants (SN) were collected for analyses.

The total antioxidant capacity in both gills and hepatopancreas was 
measured according to the CUPRAC method (Apak et al., 2004). In 
detail, the reaction produced cupric ions that reacted with a specific 
colorimetric indicator, creating a complex that was measured at 450 nm 
using a microplate reader. The results are expressed as mM of Trolox 
equivalents/mg proteins.

Total superoxide dismutase (SOD) activity was measured in both 
gills and hepatopancreas SN in triplicate using the xanthine oxidase/ 
cytochrome c method proposed by Crapo et al. (1978). Enzyme activity 
was expressed as U/mg proteins, one unit of SOD has been defined as the 
amount of sample causing 50% inhibition under the assay conditions.

Catalase (CAT) activity was measured in gills and hepatopancreas SN 
in triplicate following the method proposed by Aebi (1984). The enzyme 
activity was measured at 240 nm and expressed as U/mg proteins. One 
unit of CAT was defined as the amount of enzyme that catalysed the 
dismutation of 1 μmol of H2O2/min.

Glutathione reductase (GR) activity was measured in both gills and 
hepatopancreas SN according to Smith et al. (1988), by measuring the 
(5-thio (2-nitrobenzoic acid)) TNB production at 412 nm. The enzyme 
activity was expressed as U/mg proteins.

Glutathione S-transferase (GST) activity was measured in hepato
pancreas SN according to the method described in Habig et al. (1974) 
using 1-chloro-2,4-dinitrobenzene (CDNB) and reduced glutathione 
(GSH) as substrates. GST activity was expressed as nmol/min/mg 
proteins.

Selenium-dependent glutathione peroxidase (GPX) activity was 
measured according to Livingstone et al. (1992), following the oxidation 
of NADPH at 340 nm by glutathione reductase for the reduction of GSSG. 
Results are expressed as U/mg proteins. One unit of activity is defined as 
the amount of enzyme that leads to the oxidation of 1 μmol of NADPH 
per minute.

Amylolytic enzymes activity was measured in hepatopancreas SN 
following the method proposed by Oliveira et al. (2019). Briefly, the 
α-amylase and amyloglucosidase enzymes hydrolysed the starch leading 
to the disappearance of the blue colour of the iodine-starch complex that 
was quantified at 580 nm. Results are expressed as U of amylolytic 
enzymes/mg proteins.

Oxidative damage in both gills and digestive gland was measured 
through protein carbonyl content (PCC) and lipid peroxidation (LPO) 
measurement. Briefly, PCC was measured in duplicate using the method 
of Mecocci et al. (1999) following the reaction with 2,4-dinitrophenyl
hydrazide (DNPH). Results were expressed as nmol carbonyl 
group/mg proteins. The LPO was quantified using the malondialdehyde 
(MDA) assay, according to the method of Buege and Aust (1978). 
Absorbance was read spectrophotometrically at 532 nm and the results 
were expressed as nmoles of thiobarbituric reactive substances 
(TBARS)/mg proteins. TBARS, considered as ‘‘MDA-like peroxide 
products’’, were quantified by reference to MDA absorbance (ε = 156 ×

103 M− 1 cm− 1) (Damiens et al., 2007).
Acetylcholinesterase (AChE) activity was measured in gills following 

the colorimetric reaction between acetylthiocholine and the reagent 
dithiobisnitrobenzoate (Ellman et al., 1961). Absorbance was recorded 
at 405 nm for 5 min on a microplate reader at room temperature. The 
results were expressed as nmol/min/mg proteins. Butyrylcholinesterase 
(BChE) activity was measured according to Escartín and Porte (1997)
using butyrylthiocholine as substrate. Results are expressed as nmol/
min/mg proteins.

In all assays, total protein concentrations were quantified according 
to Bradford (1976).

2.5. Physiological biomarkers

The oxygen consumption of six crabs per experimental condition was 
measured using glass respirometry chambers equipped with an O2 
sensor spot (OXSP5, Pyro Science GmbH, Aachen, Germany). Before 
starting measurements, individual crabs were placed in chambers filled 
with 0.45 μm filtered seawater and sealed with a screw cap. One 
chamber without animals was used as blank. Then the Fiber-Optic Ox
ygen Meter Piccolo2 (Pyro Science GmbH, Aachen, Germany) was used 
to detect the O2 concentration after 30 min. Oxygen saturation never fell 
below 70%. Values are reported as the O2 concentration difference be
tween 0 min and 30 min and expressed as the oxygen consumption rate 
in mg/g/h, after correcting the values with the blank.

Ammonia excretion was measured in 10 mL samples of seawater 
collected from each respirometry chamber after 30 min. The concen
tration of ammonia was measured according to Solórzano (1969). 
Ammonia excretion values were expressed as μmol NH4/g/h.

2.6. Bioaccumulation

Methanol, acetonitrile, ammonium acetate, BPAF, BPF, BPS and 
bisphenol A d-16, used as internal standard, were purchased from Merck 
(Milan, Italy). Ultrapure-grade water (resistivity <18.2 MΩxcm) was 
produced with a Pure-Lab Option Q apparatus (Elga Lab Water, High 
Wycombe, UK). Bioaccumulation of bisphenols was evaluated in five 
single organisms collected at the 7 and 14 days of exposure. Each crab 
tissue sample was accurately weighed and homogenized (Homogeniser 
SHM1, Avantor, VWR International Srl, Milano, Italia) after the addition 
of 1 mL of ultrapure water. The homogenate was treated with 7 mL of 
cold acetonitrile containing the internal standard at 500 μg/L, vortexed 
for 3 min, and centrifuged for 5 min at 3000×g. After a further centri
fugation step (11000×g, 10 min, 4 ◦C), 20 μL of the supernatant were 
analysed by UHPLC-HRMS. The system was equipped with an Agilent 
1260 Infinity II LC chromatographer coupled to an Agilent 6545 LC-Q- 
TOF mass analyser (Agilent Technologies, Palo Alto, Santa Clara, CA, 
USA). The analytical column was a Kinetex 2.6 μm C18 Polar, 100 A, 
100 × 2.1 mm (Phenomenex, Bologna, Italy), at 25 ◦C. Mobile phases A 
and B were water and acetonitrile, respectively, both containing 10 mM 
ammonium acetate and the eluent flow rate was 0.30 mL/min. The 
mobile phase gradient profile was as follows (t in min): t0–4 0% B; t4–22 
0–100% B, t22–25 100% B; t25–32 0% B. The MS conditions were: elec
trospray (ESI) ionization in negative mode, gas temperature 320 ◦C, 
drying gas 12 L/min, nebulizer 35 psi, sheath gas temperature 350 ◦C, 
sheath gas flow 11 L/min, VCap 5000 V, nozzle voltage 0 V, fragmentor 
150 V. Centroid full scan mass spectra were recorded in the range 
100–1000 m/z with a scan rate of 2 spectra/s. The QTOF calibration was 
performed daily with the manufacturer’s solution in this mass range. 
The MS results were analysed by the Mass Hunter Qualitative Analysis 
10.0 software (Agilent Technologies, Palo Alto, Santa Clara,CA, USA).

Homogenates from no-treated organisms were used to build a 
matrix-matched seven-point external calibration curve, in the range 
0.1–100 μg/L (corresponding to 0.8–800 ng/g in the initial animal tis
sues). Linearity was evaluated by the least squares regression and R2 >

0.998 was obtained for all the analytes. LODs, assessed from the lowest 

J. Fabrello et al.                                                                                                                                                                                                                                 Marine Environmental Research 202 (2024) 106800 

3 



calibration point as concentration corresponding to S/N = 3, were 40 
ng/g for BPF, 4 ng/g for BPS and 1 ng/g for BPAF. The precision of the 
method, assessed by the relative standard deviation of the IS chro
matographic peak area in samples (N = 40), was lower than 10%. As 
already reported, each treated organism was analysed separately, and 
results are reported as mean and standard deviation (N = 5).

2.7. Statistical analysis

The normal distribution of data (Shapiro-Wilk’s test) and the ho
mogeneity of the variances (Bartlett’s test) were assessed. The two-way 
ANOVA analysis was performed to highlight the effects of the inde
pendent factors “exposure time”, “treatment” and “exposure time- 
treatment interaction” on biomarkers. Pairwise comparisons among 
experimental conditions were performed using Fisher’s LSD post-hoc 
test. The significant difference was set at p < 0.05. All results are re
ported as boxplots showing the median and the interquartile range (N =
5 for all biomarkers, except for physiological biomarkers that had N =
6). In addition, a Principal Component Analysis (PCA) was performed 
using cellular and biochemical biomarkers. Lastly, the IBRv2 values for 
each sampled tissue (haemolymph, gills and hepatopancreas) were 
calculated using “IBRtools” (Resende and Pereira, 2023) and according 
to the method proposed by Sanchez et al. (2013). The software packages 
OriginPro 2023, R and Rstudio software version 4.2.3 (OriginPro, 2023; 
R Core Team, 2022; RStudio Team, 2023) were used for the statistical 
analyses.

3. Results

A table summarising all the results of the two-way ANOVA analysis is 
reported in Supplementary material (SM1).

3.1. Haemolymph and haemocyte biomarkers

Statistical analysis revealed that the independent factors “treatment” 
(p < 0.05), “exposure time” (p < 0.01), and their “interaction” (p <
0.01) significantly affected THC in crabs.

The pairwise comparison revealed that BPAF and MIX caused a sig
nificant decrease in THC after 7 days of exposure when compared to the 
related control. On the contrary, after 14 days, significantly increased 
THC values were recorded in BPAF-treated crabs, compared to controls 
(Fig. 1A).

No significant effects of the experimental conditions tested on hae
mocyte volume and diameter were recorded (data not shown).

Similarly, no cytotoxic effects of BPA analogues were observed (data 
not shown). Indeed, LDH activity was affected only by the factor 
“exposure time” (p < 0.001).

Cellular proliferation was influenced by all the independent factors, 
including their “interaction” (p < 0.001). The post-hoc test revealed that 
there was an increased haemocyte proliferation in crabs exposed for 14 
days to BPS and MIX (Fig. 1B).

HL lysozyme activity, as well as arylsulfatase and acid phosphatase 
activity, were not affected in both HL and CFH by exposure to bisphenols 
(data not shown), whereas alkaline phosphatase activity was influenced 
only by the factor “exposure time” in both HL (p < 0.05) and CFH (p <
0.01) (data not shown).

Interestingly, no significant effects of independent factors were 
observed in HL PO activity, whereas the factor “treatment” significantly 
affected PO enzyme activity in CFH (p < 0.05). In detail, the post-hoc 
test revealed an increased activity in CFH of crabs exposed for 14 days 
to BPAF (Fig. 1C).

As for haemolymph glucose level, only the factor “exposure time” 
influenced such parameter (p < 0.01).

3.2. Antioxidant, oxidative damage, and neurotoxicity biomarkers

Gill total antioxidant capacity measured according to the CUPRAC 
method was altered by the factors “exposure time”, “treatment” (p <
0.001), and their “interaction” (p < 0.01), while in hepatopancreas the 
CUPRAC levels were altered only by the factor “treatment” (p < 0.05). 
The post-hoc test showed that BPS and MIX caused a significant reduc
tion in gill CUPRAC levels after 7 days of exposure, with respect to the 
related control, while increased CUPRAC levels were found after 14 days 
of exposure of crabs to BPF (Fig. 2A). As for hepatopancreas, exposure 

Fig. 1. Boxplots of total haemocyte count (THC), expressed as n◦ haemocytes (106)/mL haemolymph (A), haemocyte proliferation, expressed as OD450 (B), and 
phenoloxidase activity in CFH, expressed as U/mg proteins (C) results. Different letters indicate significant differences among experimental conditions. N = 5.
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for 14 days to MIX caused an increase in CUPRAC levels, when 
compared to the related control (Fig. 2B).

Hepatopancreas SOD activity was significantly affected by the factor 
“treatment” (p < 0.001). According to the post-hoc results, exposure to 
MIX significantly increased SOD activity after both 7 and 14 days 
(Fig. 2C), when compared to the related controls. On the contrary, gill 
SOD activity was altered only by the factor “exposure time” (p < 0.001) 
(data not shown).

CAT activity was altered in gills by the factors “treatment” (p <
0.001) and “exposure time” (p < 0.05), while in hepatopancreas the 
factor “treatment-time interaction” significantly influenced enzyme ac
tivity (p < 0.01). The post-hoc test revealed a significant increase in CAT 
activity in the gills of MIX-treated crabs after 14 days of exposure 
(Fig. 2D). Similarly, in hepatopancreas, exposure to MIX significantly 
increased enzyme activity after 14 days, with respect to the related 
control (Fig. 2E).

As for enzymes involved in the glutathione cycle, all those tested in 
this study were significantly affected by exposure to bisphenols. In gills, 
the factors “treatment” (p < 0.01) and “treatment-exposure time inter
action” significantly affected (p < 0.05) GR activity, with a significant 
increase after 7 days of exposure in BPF-treated crabs, when compared 
to the related control (Fig. 3A). Similarly, significant effects of the 

factors “exposure time” (p < 0.001), “treatment” (p < 0.05) and their 
interaction (p < 0.001) were recorded in hepatopancreas, with a sig
nificant increase in GR activity in crabs exposed for 7 days to BPF and for 
14 days to MIX (Fig. 3B).

Gill GPX activity was affected significantly by the factors “exposure 
time”, “treatment” (p < 0.01) and their “interaction” (p < 0.05), while 
there was a significant effect of the factors “treatment” and “exposure 
time-treatment interaction” (p < 0.01) on hepatopancreas enzyme ac
tivity. In detail, there was an increase in enzyme activity in gills from 
MIX-treated crabs after both 7 and 14 days of exposure, with respect to 
the related controls (Fig. 3C). In hepatopancreas, BPF and MIX caused a 
statistically significant increase in GPX activity after 7 days, while BPS 
increased enzyme activity after 14 days of exposure when compared to 
the related controls (Fig. 3D).

GST activity was affected significantly only by the factor “exposure 
time-treatment interaction” (p < 0.05), with a significant reduction in 
enzyme activity after 14 days of exposure of crabs to MIX (Fig. 3E).

As for oxidative damage biomarkers, PCC was significantly affected 
in gills by both the factors “exposure time” (p < 0.05) and “treatment” 
(p < 0.01). The post-hoc test revealed a statistically significant increase 
in PCC values in crabs exposed for 7 days to BPAF, and a significant 
reduction in animals exposed for 14 days to BPS and MIX (Fig. 4A). In 

Fig. 2. Boxplots of the results of CUPRAC in gills (A) and hepatopancreas (B), expressed as mM of Trolox equivalents/mg proteins, SOD activity in hepatopancreas 
(C), expressed as U/mg proteins, and CAT activity in gills (D) and hepatopancreas (E), expressed as U/mg proteins. Different letters indicate significant differences 
among experimental conditions. N = 5.
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hepatopancreas, the PCC values were affected by all the independent 
factors (p < 0.001), and the post-hoc test revealed a significant increase 
of PCC values after 14 days of exposure of crabs to BPF and MIX, when 
compared to the related control (Fig. 4B).

Regarding LPO levels, they were influenced in crab gills only by the 
factor “exposure time-treatment interaction” (p < 0.05). The post-hoc 
test revealed a significant increase in lipid peroxidation in crabs 
exposed for 7 days to BPF and a significant reduction in crabs exposed 
for 14 days to the MIX (Fig. 4C).

The possible neurotoxic effects of BPA analogues were assessed by 
measuring the activity of both AChE and BChE. As for AChE, we 
observed that the factors “exposure time” (p < 0.01) and “treatment” (p 
< 0.05) had a significant effect on enzyme activity. In detail, the post- 
hoc test revealed that BPF induced a significant increase in enzyme 
activity after both 7 and 14 days of exposure (Fig. 5). On the contrary, 
BChE activity was affected by the factor “exposure time” (p < 0.01) 
(graph not shown).

The PCA performed using cellular and biochemical biomarkers 
(Fig. 6) revealed that the two components explained 18,27% and 
11,57% of the variance, respectively. A clear separation between the two 
exposure times was observed. Regarding data clusterization, there was a 
clear cluster of biomarker results of the BPF group at 7 days and of the 
MIX group at 14 days. Moreover, to better rank the general toxicity of 

BPA analogues the IBRv2 index was calculated for each tested com
pound and for each exposure time. Due to the high number of bio
markers measured in this study, it was not possible to calculate a single 
comprehensive index (R Core Team, 2022; RStudio Team, 2023). For 
this reason, the IBRv2 values were calculated for each tissue analysed. A 
table reporting the IBRv2 values and radar charts is provided in sup
plementary materials (SM2 and SM3-SM8). Based on the IBRv2 results, 
BPAF seems to cause marked alterations in crab haemolymph after 7 
days of exposure, with a value of 27.732, while BPS altered markedly 
haemolymph parameters after 14 days of exposure, with an IBRv2 value 
of 21.259. As for biomarkers measured in gills and hepatopancreas, 
exposure to the MIX caused the most important alterations after both 7 
and 14 days. Indeed, MIX-associated IBRv2 values in gills were 13.329 
and 15.519, respectively, while in the hepatopancreas were 9.218 and 
14.486. These results suggest that BPA analogues can exert synergic 
interaction if present in a mixture.

3.3. Physiological biomarkers

The respiration rate of crabs was affected by the factor “treatment” 
(p < 0.05), while the excretion rate was affected by the factors “exposure 
time” (p < 0.01) and “treatment” (p < 0.05). The post-hoc test revealed 
that exposure to the MIX significantly increased crab respiration rate 

Fig. 3. Boxplots of the results of GR activity in gills (A) and hepatopancreas (B), expressed as U/mg proteins, GPX activity in gills (C) and hepatopancreas (D), 
expressed as U/mg proteins, and GST activity in hepatopancreas (E), expressed as nmol/mg proteins. Different letters indicate significant differences among 
experimental conditions. N = 5.
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after 14 days of exposure (Fig. 7A). On the contrary, pairwise compar
ison did not highlight significant differences in excretion rate among 
experimental conditions (Fig. 7B).

3.4. Bioaccumulation

Chemical analysis indicated that only BPAF was bioaccumulated in 
crabs (Table 1), with concentrations depending on the exposure time. In 
particular, after 7 days of exposure the concentration in animal tissues 
was 3.8 ng/g f.w., increasing to 6 ng/g f.w. after 14 days of exposure. 
The biological variability was negligible, as the relative standard devi
ation among different organisms was always lower than 20%. 

Concentrations of BPF and BPS were under the LOD.

4. Discussion

Since there is not much data available in the literature on the effects 
of BPA analogues in crabs or other crustacean species, the discussion of 
the results of the present study was mainly made based on information 
available for other aquatic invertebrate species and for the most studied 
compound, namely BPA.

4.1. Haemolymph and haemocyte biomarkers

In this study, we evaluated the effects of an environmentally realistic 
concentration of three BPA analogues on the crab C. aestuarii following 7 
and 14 days of exposure. Overall, the tested compounds were able to 
alter most of the haemolymph/haemocyte parameters. Indeed, THC 

Fig. 4. Boxplots of PCC in gills (A) and hepatopancreas (B), expressed as nmol/mg proteins, and LPO in gills (C), expressed as nmol TBARS/mg proteins. Different 
letters indicate significant differences among experimental conditions. N = 5.

Fig. 5. Boxplots of the results of AChE activity in gills, expressed as nmol/min/ 
mg proteins. Different letters indicate significant differences among experi
mental conditions. N = 5.

Fig. 6. PCA ordinations of the whole data set, including biomarkers measures 
in crabs and BPA analogues concentrations.
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assay results indicated that BPAF and the mixture of bisphenols reduced 
the number of circulating haemocytes after 7 days of exposure. Simi
larly, Juhel et al. (2017) reported a reduction in haemocyte number in 
the green mussel Perna viridis exposed to 11 ng/L of BPA and a reduction 
of the extracellular lysozyme activity after 7 days. However, we 
observed a recovery of the THC value after two weeks of exposure in 
BPAF-treated crabs, with a significantly increased value with respect to 
the control. In a study on the clam Tegillarca granosa, exposure for two 
weeks to 10 and 100 ng/L of BPA caused a significant decrease in THC 
value. In the same study, cell type fractions changed in clams exposed to 
100 ng/L of BPA and the phagocytic activity was suppressed in a 
dose-dependent manner, as well as the expression of four 
immune-related genes (Tang et al., 2020). Furthermore, a significant 
reduction of THC values was found in the shrimp Charybdis japonica 
exposed to BPA (Peng et al., 2018).

As for haemocyte features, we did not observe significant alterations 
in the mean haemocyte volume and diameter in crabs. Conversely, in a 
previous study performed by exposing the clam Ruditapes philippinarum 
to the same experimental conditions of the present survey (the same BPA 
analogue concentrations and exposure duration), we observed that both 
haemocyte diameter and volume were reduced by BPF, BPS and MIX 
after one week (Fabrello et al., 2023b). Furthermore, in the present 
study, BPA analogues did not exert cytotoxic effects on crab haemocytes, 
whereas caused an increase in haemocyte proliferation, mainly after 14 
days of exposure to BPS and MIX. Similarly, in clams (R. philippinarum) 
exposed to BPA analogues, no cytotoxic effects (LDH assay) were 
detected, whereas cell proliferation increased after exposure to the MIX 
(Fabrello et al., 2023b). The increased cell proliferation observed in 14 
days-exposed crabs suggested that animals were trying to compensate 
for the initial reduction in the number of circulating haemocytes 
recorded during exposure.

Regarding the immune response-related enzymes, slight alterations 
were recorded in crabs. In particular, an increase in the activity of PO 
was observed in CFH of crabs exposed for 14 days to BPAF. PO activity 
also increased in haemolymph of Charibdys japonica exposed to BPA 

(Peng et al., 2018). In addition, in that study lysozyme activity increased 
significantly after exposure to 0.25 mg/L of BPA, while it reduced to the 
two highest concentrations tested. On the contrary, in the 
narrow-clawed crayfish Pontastacus leptodactylus, lysozyme activity did 
not change after exposure to high concentrations of BPA (Diler et al., 
2022). An alteration of the PO activity and the expression of 
immune-related genes was also observed in both gills and hepatopan
creas of the intertidal mud crab Macrophthalmus japonicus exposed to 
BPA (Park et al., 2019). Similarly, altered immune-related enzymes were 
observed in R. philippinarum exposed to BPAF, BPF BPS and their 
mixture. Indeed, the acid phosphatase activity in CFH dropped after 
exposure to BPAF, BPF, BPS and MIX (Fabrello et al., 2023b). Moreover, 
the arylsulfatase activity increased in clams exposed to BPF and BPS 
(Fabrello et al., 2023b). Lastly, in the hepatopancreas of the crayfish 
Procambarus clarkii both acid and alkaline phosphates activity were 
significantly decreased in the animals exposed to 1, 10 and 100 μg/L of 
BPS for 14 days (Pu et al., 2024).

Overall, the results of the present study highlight that exposure to 
BPA analogues can alter some important haemocyte parameters in 
crabs.

4.2. Antioxidant and oxidative damage biomarkers

In this study, the total antioxidant capacity (CUPRAC levels) of crab 
gills was significantly reduced after 7 days of exposure to BPS and MIX, 
whereas increased CUPRAC levels were recorded after 14 days of 
exposure to BPF. In crab hepatopancreas, a similar pattern of variation 
was observed after 14 days of exposure to MIX.

As for antioxidant enzyme activity, exposure for 7 and 14 days to 
MIX significantly increased SOD activity in crab hepatopancreas. Simi
larly, CAT activity increased significantly in both gills and hepatopan
creas of MIX-treated crabs after 14 days. These results suggested that 
BPA analogues were able to cause oxidative stress, the activity of these 
two important antioxidants increasing probably to counteract oxidative 
stress, mainly in MIX-treated crabs. Interestingly, in the present study, 
all the enzymes involved in the glutathione cycle were significantly 
affected by exposure of crabs to BPA analogues. As for GR activity, BPF 
significantly increased gill enzyme activity after 7 days of exposure, 
while GR activity increased in hepatopancreas after 7 days of exposure 
to BPF and after 14 days in the MIX-treated crabs. In the case of GPX, 
enzyme activity increased in the gills of crabs exposed for 7 and 14 days 
to the MIX. In hepatopancreas, exposure for 7 days of crabs to BPF and 
MIX caused a statistically significant increase in GPX activity, while BPS 
increased enzyme activity after 14 days of exposure. Lastly, GST activity 
was significantly reduced by MIX after two weeks of exposure. The 
variation pattern of GPX activity is in accordance with that of the other 
antioxidant enzymes, the activity of which resulted significantly 
increased after BPA analogue exposure. In addition, the GR activity 
increased, as observed in both gills and hepatopancreas of the exposed 

Fig. 7. Boxplots of respiration rate (A), expressed as mg/g/h, and excretion rate (B), expressed as μmol/g/h, results. Different letters indicate significant differences 
in comparison with the related control. N = 6.

Table 1 
Concentrations of BPA analogues in whole soft tissues of crabs. Results are re
ported as mean ± standard deviation (N = 5) and expressed as ng/g of fresh 
weight (ng/g f.w.). LODs were 1 ng/g for BPAF, 40 ng/g for BPF and 4 ng/g for 
BPS.

T = 7 days T = 14 days

BPF [ng/g] <40 <40
BPS [ng/g] <4 <4
BPAF [ng/g] 3.8 (0.3) 6.0 (1.2)
MIX BPF [ng/g] <40 <40

BPS [ng/g] <4 <4
BPAF [ng/g] <1 <1
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crabs, suggesting that the animals have to reconstitute the GSH level, 
which was probably affected by bisphenols, as revealed by the CUPRAC 
results.

An impairment of the antioxidant system in crustaceans was also 
recorded in BPA-exposed animals, even if higher concentrations were 
generally tested in previous studies with respect to those tested in the 
present survey. For instance, SOD, CAT and GPX activity were signifi
cantly increased in the hepatopancreas of the crab Charybdis japonica 
exposed to BPA (Peng et al., 2018). Increased production of reactive 
oxygen species (ROS) was observed in the hepatopancreas of P. clarkii 
after one week of exposure to BPA, followed by a decrease in SOD, CAT 
and GPX activities (Zhang et al., 2020). In the same species, exposure to 
BPS caused a significant reduction of SOD and CAT activity as well as 
GSH levels (Pu et al., 2024). Furthermore, SOD, GST, and GR activities 
were significantly decreased in the narrow-clawed crayfish Pontastacus 
leptodactylus exposed to 10–100 μg/L of BPA (Diler et al., 2022). Uçkun 
(2022) reported a significant increment of SOD, GPX and GST activities 
in Astacus leptodactylus exposed to BPA, while GR activity reduced 
significantly.

In a long-term exposure to BPA (28 days), alterations in SOD activity 
and GSH levels were observed in the ganglia of the mussel Lithophaga 
lithophaga (Abd Elkader and Al-Shami, 2023). In the marine rotifer 
Brachionus koreanus, exposure for 24 h to BPS and BPF increased both 
ROS and GST levels (Park et al., 2018). In Corbicula fluminea, exposure to 
BPS increased significantly GR activity, while CAT activity and LPO 
levels remained unchanged (Seoane et al., 2021). In R. philippinarum, it 
has been demonstrated a significant reduction of gill total antioxidant 
capacity after 14 days of exposure to 300 ng/L of BPS and MIX (BPS +
BPF + BPAF) (Fabrello et al., 2023b). Overall, the results of the present 
study suggested that BPA analogues can induce important alterations in 
the antioxidant defence line of crabs. However, further studies are 
necessary to better understand the relationship between exposure to 
such contaminants and oxidative stress in crabs.

As for oxidative damage biomarkers, in this study, PCC levels were 
significantly increased in gills after exposure for 7 days to BPAF, while a 
significant reduction was observed after 14 days of exposure of crabs to 
BPS and MIX. In hepatopancreas, PCC values significantly increased 
following exposure for 14 days of crabs to BPF and MIX. Regarding LPO, 
we demonstrated that exposure of crabs for 7 days to BPF increased gill 
LPO levels, whereas exposure to MIX caused a reduction after 14 days. 
We have recently demonstrated that exposure to BPA analogues caused 
lipid peroxidation in R. philippinarum, with LPO levels increasing in both 
gills and digestive gland (Fabrello et al., 2023b). Increased oxidative 
damage was also observed in both the respiratory tree and digestive 
tubes of Holothuria poli after exposure to BPA, BPS, and their mixture 
(Jenzri et al., 2023). Lastly, LPO levels increased significantly in the crab 
Charybdis japonica exposed to BPA (Peng et al., 2018). Overall, the re
sults of this study and those available in the literature suggested that 
BPA and its analogues can induce oxidative damage in aquatic in
vertebrates, although the extent of such effects depends greatly on the 
experimental conditions adopted (e.g., tested concentrations, duration 
of exposure, model species).

Based on the results obtained in our study, we can exclude that BPA 
analogues are neurotoxic to crabs, at least under the experimental 
conditions tested (AChE and BChE activities). However, further studies 
are necessary to better understand the neurotoxic profile of such con
taminants in aquatic species. In the present study, we observed a sig
nificant increase in AChE activity in gills from crabs exposed for 7 and 
14 days to BPF. Conversely, AChE and carboxylesterase activities 
decreased significantly in the hepatopancreas of the crayfish 
A. leptodactylus exposed to BPA (Uçkun, 2022). However, it is important 
to highlight that the concentrations of BPA tested in that study were 
much higher than those tested in the present survey. A significant 
reduction in AChE activity was also observed in the claw muscles of the 
artic spider crab Hyas araneus after 3 weeks of exposure to 50 μg/L of 
BPA (Minier et al., 2008). Furthermore, exposure to BPA, BPS and their 

mixture caused a significant inhibition of AChE activity in the respira
tory tree of the sea cucumber Holothuria poli (Jenzri et al., 2023).

Overall, we can exclude that exposure to BPA analogues causes 
neurotoxic effects in crabs, at least under the experimental conditions 
adopted in our survey. At the same time, we highlight that neurotoxic 
effects have been detected in previous studies in which organisms were 
exposed to higher BPA and BPA analogue concentrations than those 
tested in our study.

4.3. Physiological parameters

In this study, we measured two pivotal physiological parameters, 
namely respiration rate and excretion rate, to evaluate possible negative 
effects of BPA analogues on the physiological performance of crabs. The 
respiration rate of crabs significantly increased after exposure for 14 
days to MIX, suggesting an increased metabolism. On the contrary, no 
significant alteration in excretion rate was found. To the best of our 
knowledge, this is one of the first reports concerning the effects of 
bisphenols on the respiration rate of crabs. In a previous study, exposure 
for 14 days of the white-leg shrimp Litopenaeus vannamei to 2 μg/L of 
BPA, 0.69 mg/L of polystyrene microplastics, or their mixture reduced 
oxygen consumption rate in both males and females, while ammonia 
excretion rate significantly increased in males (Han et al., 2022). As for 
other contaminants, previous studies focused on evaluating the effects of 
heavy metals and polycyclic aromatic hydrocarbons (PAH) on the 
physiological responses of animals (Bao et al., 2020; Camus et al., 2002; 
Dissanayake et al., 2008). For instance, in the freshwater crayfish 
Cambaroides dauricus, both acute and sub-chronic exposure to Cu caused 
a reduction in oxygen consumption rate and ammonium excretion rate. 
Interestingly, the authors concluded that the shift in O:N ratio indicated 
a metabolic substrate shift towards lipid and carbohydrate metabolism 
under Cu exposure (Bao et al., 2020). In a recent study, a long-term 
exposure of the mussels Lithophaga lithophaga to 0.25, 1, 2, and 5 μg/L 
of BPA caused a reduction of both filtration rate and burrowing 
behaviour (Elkader and Al-Shami, 2024). Overall, higher oxygen con
sumption found in the present study in crabs exposed to BPA analogues 
suggests the animals increased metabolism and expended more energy 
to counteract the effects of exposure.

4.4. Bioaccumulation

C. aestuarii showed a reduced capability to bioaccumulate the three 
BPA analogues tested in this study. Indeed, only BPAF was detected in 
whole soft tissues of crabs, in the order of a few ng/g. These findings are 
consistent with the larger hydrophobicity of BPAF (log Kow 3,69), with 
respect to that of BPF and BPS (log Kow 2,91 and 1,29, respectively) 
(Fabrello and Matozzo, 2022). However, the low bioaccumulation is not 
surprising, since it has been demonstrated that BPA analogues are 
relatively quickly metabolized by organisms and transformed into 
bisphenol conjugates. Indeed, in a recent study conducted on marine 
organisms, it was demonstrated that after an initial enzymatic hydro
lysis to cleave the conjugates, the detectable concentrations of the 
free-form BPA analogues increased (Zhao et al., 2021). In detail, BPA, 
BPZ, BPF, BPS, and BPAF were present in conjugated forms with an 
average percentage of 74, 52, 49, 48, and 45%, respectively (Zhao et al., 
2021). In our previous study, we demonstrated that the clam 
R. philippinarum can bioaccumulate BPA analogues at a higher extent 
(hundreds of ng/g) (Fabrello et al., 2023b) than crabs (the present 
survey). Probably, the difference in bioaccumulation capability between 
bivalves and crustaceans is due to their different lifestyle, the former 
being excellent filter feeders, while in crabs and other larger decapods 
filter feeding is of minor importance and restricted to capture of 
nutrient-rich zooplankton (Riisgård, 2015).
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5. Conclusions

In conclusion, the results of this study demonstrated that environ
mentally realistic concentrations of BPA analogues can induce signifi
cant alterations in cellular, biochemical, and physiological parameters 
of the marine crab C. aestuarii. However, we are aware that other studies 
are necessary to evaluate the ecotoxicological risk posed by these 
emerging contaminants to aquatic species, not just marine ones. We also 
suggest that future studies should adopt a multi-biomarker approach 
like that of the present study to evaluate more fully the effects of these 
compounds on aquatic species. Our study demonstrated also that crabs, 
at least under the experimental conditions tested, do not bioaccumulate 
high levels of BPA analogues. It will be interesting to assess whether the 
same contaminants provided via contaminated food can induce greater 
bioaccumulation. To this end, new studies are already underway in our 
laboratories.

Since most of the effects were observed in crabs exposed to MIX, we 
think that it will be important in the future to evaluate the effects of 
mixtures of contaminants to better reproduce in the laboratory the 
environmental conditions to which the organisms are subjected. At the 
same time, we think that it will also be important to evaluate the com
bined effects of contaminants and changing environmental parameters 
(temperature, salinity, oxygen, pH and so on) to better understand the 
mechanisms of action of emerging environmental contaminants, such as 
BPA analogues, in a context of climate change.
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