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Abstract
No ecotoxicological information exists on phenanthrene (Phe) exposure in cephalopods, animals of commercial and ecologi-
cal importance. This study investigated the effect of Phe on two B-esterases, Acetylcholinesterase (AChE) and Carboxy-
lesterases (CbE), in Octopus maya embryos. Octopus embryos were exposed to different treatments: control (seawater), 
solvent control (seawater and DMSO 0.01%), 10 and 100 µg/L of Phe. AChE and CbE activities were measured at different 
developmental stages (blastula, organogenesis, and growth). B-esterase activities increased in control and solvent control 
as the embryos developed, showing no statistically significant differences between them. On the other hand, the embryos 
exposed to Phe had significant differences from controls, and between the high and low concentrations. Our results indicate 
that B-esterases are sensitive biomarkers of exposure to Phe in O. maya. Still, complementary studies are needed to unravel 
the toxicodynamics of Phe and the implications of the found inhibitory effect in hatched organisms.
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Octopus maya (Voss and Solís-Ramírez 1966) is endemic to 
southeastern Mexico and is distributed from Ciudad del Car-
men and Bahía de Campeche to Isla Mujeres in the north-
west. It is one of Mexico's most important fishery resources 
(Pascual et al. 2020). From 1998 to 2016, national catches 
ranged between 9000 and 35,000 t/year, representing 10% 
of the world's octopus catch (Markaida and Gilly 2016). The 
high demand for octopus consumption worldwide has led 
to an increase in demand; world catches increased by about 
700% between 1950 and 2015, leading to increased exports 
of O. maya and O. vulgaris from Mexico to Asia and Europe 
(Coronado et al. 2020; Sauer et al. 2021). Despite the large 

consumption of these animals, there is a lack of informa-
tion on how they interact with the pollutants in the aquatic 
environment (Isaacs et al. 1998). Octopuses occupy more 
than one position in the food chain (Markaida and Gilly 
2016), which gives them ecological relevance in aquatic 
ecosystems. These animals can be directly affected by con-
taminants, bioaccumulation, and biomagnification processes 
(Tran et al. 2019). Given the high consumption of octopus 
worldwide, the lack of knowledge about the effects of pollut-
ants on these animals can significantly impact human health 
and ecosystems (Bhagat et al. 2016).

Among the aquatic pollutants, polycyclic aromatic hydro-
carbons (PAHs) are an important class of persistent organic 
pollutants found ubiquitously in the environment (Fu et al. 
2011). Due to their persistence and potential harmful impact 
on the ecosystem and human health, the United States Envi-
ronmental Protection Agency (USEPA) has classified 16 
PAHs as priority pollutants (Fu et al. 2011), among which is 
phenanthrene (Phe) (Chen et al. 2018). Phe is the main com-
ponent of the total content of PAHs compounds in aquatic 
habitats (Chen et al. 2018). It is one of the 129 contaminants 
of most significant concern by the USEPA due to its wide 
distribution and high toxicity (de Campos et al. 2018). In 
the coastal waters of the Gulf of Mexico, where O. maya 
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is distributed, Narciso-Ortiz et al. (2020) have reported an 
environmental range of Phe between 7 ×  10–3 and 1540 µg/L. 
Due to its relatively low molecular weight, Phe can dissolve 
in water. It becomes readily bioavailable (Hannam et al. 
2010) and is adsorbed onto particles or lipids, exhibiting 
a high bioaccumulation factor in aquatic organisms (Chen 
et al. 2018). Several studies performed with invertebrates 
and fish reported that exposure to crude oil, PAHs, and 
derivatives cause inhibition of cholinesterases (ChE) activ-
ity, including Acetylcholinesterases (AChE, Aguilar et al. 
2022; Vieira et al. 2008; Baršiene et al. 2006; Rodríguez-
Fuentes et al. 2016).

ChE inhibition could be caused by the action of reac-
tive oxygen species (ROS) that can activate or deactivate 
ChE (Rico et al. 2007; Rodríguez-Fuentes et al. 2015). It is 
known that Phe and its metabolites comprise the increase in 
the production of ROS (Turja et al. 2020). Other enzymes 
that can provide information on the toxicological level of 
cells are carboxylesterases (CbE). CbE and AChE are hydro-
lases classified as B-esterases, as they are inhibited by organ-
ophosphate compounds (Laguerre et al. 2009). The goal of 
the present study was to use B-esterases (AChE and CbE) 
in O. maya embryos exposed to environmentally relevant 
concentrations of Phe as biomarkers. We hypothesize that 
the exposure inhibits esterase activities in a concentration-
dependent manner.

Materials and Methods

This study followed the protocols for maintenance, manipu-
lation, and sacrifice of the experimental animals according 
to certified criteria established by the Institutional Com-
mittee for the Care and Use of Laboratory Animals (CIC-
UAL) of the Facultad de Química, UNAM (OFICIO/FQ/
CICUAL/461/22). All efforts were made to minimize stress 
in experimental animals and meet standard levels of animal 
welfare.

The study was carried out in the Experimental Cephalo-
pod Production Unit (ECPU) at the UMDI-Sisal, Facultad 
de Ciencias UNAM Yucatán, Mexico. Adult octopuses were 
caught using artisan lines, with fresh crabs as bait, offshore 
Sisal (Yucatan, Mexico) at 10–12 m depth. Octopuses were 
transported in a 120 L circular tank containing local seawa-
ter to the laboratory situated 300 m inland.

Adults were acclimated for two weeks in 7  m3 aerated 
tanks supplied with natural seawater (24–26 °C) and fed 
ad libitum with fresh crab. During that period, the fertiliza-
tion of the females occurred. After the acclimation, females 
were placed in 80 L dark tanks with re-circulated seawa-
ter at 24 ± 1 °C, 35–37 PSU, pH > 8, and dissolved oxy-
gen > 5 mg/L. Females were maintained under a photoperiod 

regime to spawn after 25–30 days, i.e., a 10 h light/14 h dark 
(Rosas et al. 2014), and fed twice a day with fresh crab.

The experimental design was as follows: 12 days after 
spawning, 24 clutches of spawned eggs on stages IV-V were 
transferred to twelve 2 L glass tanks (two clutches per tank, 
three tanks per treatment) where embryos were exposed 
to seawater (control), seawater and DMSO 0.01%, 10 and 
100 µg/L Phe (Sigma-Aldrich, 98%)). To obtain the nominal 
Phe concentrations (10 and 100 µg/L), Phe was dissolved in 
dimethyl sulfoxide (DMSO) and added to filtered seawater 
(final maximum DMSO concentration of 0.01%) (Lüchmann 
et al. 2014). Phe concentrations were chosen based on pre-
vious reports from bivalves (Hannam et al. 2010; Lüch-
mann et al. 2011)and realistic ambient concentrations from 
oil exploration areas (Anyakora et al. 2005; Narciso-Ortiz 
et al. 2020). 160 eggs were sampled during the experiment 
for B-esterase analysis on days 7, 14, 20, 26, 32, and 36 
(Fig. 1). In each collection, embryos were classified accord-
ing to the scale of Naef, (1928), which separates the three 
critical embryo developmental phases: blastulation (Stages I 
to VII), organogenesis (Stages VIII to XIV-XV), and growth 
(Stages XV to XX to the time of hatching). Seawater in the 
tanks was maintained under a constant temperature of 24 °C, 
a salinity of 36 PSU, and 7 mg/L of dissolved oxygen. The 
tanks were cleaned daily, and the water was changed on 
alternate days.

Individualized eggs were homogenized with 0.05 M Tris 
Buffer pH 7.4 at 1: 100 (w/v) each sampling time, using a 
Potter–Elvehjem homogenizer. After homogenization, 200 
µL per sample were separated from the homogenate and cen-
trifuged at 10,000 rpm for 5 min at 4° C. The supernatant 
was separated and stored at − 80 °C.

AChE activity was measured using a modified Ellman 
et al. (1961) method adapted to a microplate (Rodríguez-
Fuentes et al. 2008). First, in each well, 10 µL of the sample 
were added, and 180 µL of 5, 5'-dithiobis (2 nitrobenzoic 
acid) (DTNB) in Tris Buffer pH 7.4, 0.05 M. This operation 
was carried out in duplicate. Then, the reaction was started 
by adding 10 µL of acetylcholine iodide (1 mM). The result 
of the reaction was measured at an absorbance of 405 nm 
for 120 s in the kinetic module.

CbE activity was measured using the method of 
Hosokawa and Satoh (2001). First, 10 µL of each sample 
was added to each well. Then, the reaction was started by 
adding 190 µL of Tris Buffer 7.4/ƿNPA solution. This pro-
cedure was performed in duplicate. Finally, the reaction was 
measured at an absorbance of 405 nm for 5 min in the kinetic 
module.

The protein content in the samples was determined by 
Bradford (1976), using bovine serum albumin (BSA) as a 
standard. Enzyme activities were normalized with respect 
to their protein content.
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Phe concentrations were verified by solid-phase microex-
traction and gas chromatography-mass spectrometry (SPME/
GC–MS). A 10 mL sample aliquot was placed in a 20 mL-
SPME vial (Supelco, USA) with a PTFE/silicone septum 
(SU860101, Supelco). Phe extraction was performed by 
direct immersion for 20 min at 55 °C with a 65 μm PDMS/
DVB SPME fiber (57310-U, Supelco) and magnetic stirring 
at 700–900 rpm. After extraction, Phe was quantified using 
an Agilent Technologies 7890B Series Gas Chromatography 
System equipped with a 5977B mass detector and a J&W 
HP-5MS capillary column (30 m X 0.25 mm and 0.25 μm 
of film thickness). The inlet temperature was 250 °C, and 
the samples were injected in split mode (50:1) and 10 min 

of desorption time. The oven temperature program started at 
60 °C, then increased 10ºC/min to 250 °C (hold time 1 min); 
the carrier gas was helium (ultra-pure grade) with a flow rate 
of 0.8 mL/min. Mass spectra (m/z 50–600) were recorded at 
a rate of five scans per second at 70 eV, and interface and ion 
source temperatures were 290 and 230 °C, respectively. The 
MS ionization mode was electronic ionization (EI). Calibra-
tion solutions were used to quantify Phe in the samples. The 
detection limit of the method was 0.5 µg/L.

The data were analyzed using a multivariate approach. 
Permutational MANOVA (PERMANOVA) and Principal 
Coordinate Analysis (PCO) were performed using Primer v 
7.0 + PERMANOVA add-on. Data were transformed using 

Fig. 1  A Principal coordinate 
analysis (PCO) of B-esterases 
activity in embryos of O. maya 
exposed to 10 and 100 µg/L 
phenantrene (Phe), control and 
solvent control (C and CS) at 
blastula, organogenesis and 
growth phases. The number 
over the symbol represent the 
day sample was taken. B Cen-
troids for the combined factors 
Phase (blastula, organogenesis, 
and growth) and treatment 
(control, solvent control, 10 and 
100 µg/L Phe)
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the function log10(x + 1) and normalized. The resemblance 
was calculated using the Euclidean distance of samples 
(Legendre 2018); PERMANOVA was done using the per-
mutation of the residuals under a reduced model with 9999 
permutations to generate the pseudo-F (Anderson 2008). 
Permutational multiple pair-wise tests w were used to com-
pare the centroids of the combination of two factors, the 
phase of development (blastula, organogenesis, activation, 
and growth; four levels) and the treatment (control, solvent 
control, 10 and 100 µg/L Phe).

Results and Discussion

Mean (± one standard deviation) measured concentrations 
of phenanthrene were 7.0 ± 0.2 and 90.0 ± 11.1 μg/L for 
nominal concentrations of 10 and 100 μg/L, respectively. 
Phenanthrene was not detected in the control and solvent-
control water samples.

PCO applied to esterase activities of egg octopus exposed 
to Phe is presented in Fig. 1A; the first principal coordi-
nate (horizontal) is mainly contributed to AChE activi-
ties (r = 0.93), the second principal coordinate is primarily 
influenced by CbE activities (p =  − 0.80). The graph of the 
centroids for the combined effect of the treatment and the 
developmental phase is shown in Fig. 1B. As the octopus 
embryo develops, the AChE and CbE activities increase 
in the control and solvent control treatments. On the other 
hand, it is possible to note that in PhE-treated embryos, 
AChE activities in the treatment of 10 µg/L increased at 
organogenesis. Still, when the embryo starts to grow, there 
is a marked inhibition of its activity. This same behavior is 
increased in embryos treated at 100 µg/L; at this concentra-
tion, AChE activities remain low and very similar to eggs 
at the blastula phase. CbE activities had similar behavior; 
the activities increase as the egg develops in the control and 
solvent control; on the contrary, there is an inhibitory effect 
that is evident at the organogenesis and growth phase.

PERMANOVA indicated a significant interaction 
between the factors “Phase” and “Treatment” (Pseudo 
F = 3.47, p = 0.0027), indicating that the effect of the treat-
ments varied differently at the different phases. The post 
hoc paired comparisons showed no significant differences 
between the control and the solvent control at the different 
phases. Still, treatments with Phe were significantly different 
from controls. In addition, treatments of 10 and 100 µg/L 
were significantly different.

B-esterases are a family of hydrolases in all tissues and 
organs and are involved in the metabolism of endogenous 
substances or xenobiotics (Satoh and Hosokawa 1998); 
their inhibition is usually used as a biomarker for organ-
ophosphate exposure (Makhaeva et al. 2009). Still, it has 
been reported that many other pollutants could also act 

as inhibitors (for example, Omedes et al. 2022; Sole et al. 
2022), including Phe (Richardi et al. 2018). Previous reports 
also indicate that B-esterases present in two cephalopods are 
sensitive to chemicals of environmental concern (Omedes 
et al. 2022).

One of the systems that first develop in O. maya is the 
nervous system (Caamal-Monsreal et al. 2016; Sanchez-
García et al. 2017), which occurs in organogenesis with the 
appearance of the eye spot (Farías et al. 2009; Olivares et al. 
2019; Uriarte and Farías 2014). AChE activity was detected 
at low concentrations at the blastula phase in the present 
study, the values increased in the controls at organogene-
sis. This phase culminates with the start of the circulatory 
system (Sanchez-García et al. 2017). Similar results of the 
increase of AChE were reported in zebrafish, where very low 
activities are at early stages until somitogenesis, where an 
800% increase in AChE activity is found (Yen et al. 2011).

AChE plays an essential role in the nervous system and 
has also been related to cellular and physiological homeo-
stasis (Mukherjee et al. 2016). For example, in O. vulgaris, 
it has been reported that the expression of AChE is related 
to cell proliferation for the regeneration of arms and that 
Aplysia sp. promotes the maturation of neural cells (Srivat-
san 1999). Therefore, inhibition of this enzyme could cause 
detrimental effects in this organism after hatching, given its 
essential role in the nervous system and cell communica-
tion. Furthermore, several studies indicate that exposure to 
Phe induces the formation of ROS in marine invertebrates, 
e.g., in bivalves Sinonovacula constricta (Li et al. 2016) and 
Pecten maximus (Hannam et al. 2010) and oysters Crassos-
trea brasiliana (Lüchmann et al. 2014), C. gigas (Nogueira 
et al. 2017). Interestingly, it has also been reported that ROS 
and oxidative stress play a role in the regulation and activ-
ity of AChE (Rodríguez-Fuentes et al. 2015) and could the 
inhibition of AChE found in O. maya embryos.

CbE represents a defense system that detoxifies several 
substrates (Wheelock et al. 2008). Its activity seems to act 
differently depending on the xenobiotic, the exposure time, 
the organism, and even the abiotic conditions. For example, 
in the earthworm Eisenia foetida exposed to PAHs, CbE 
was inhibited (Nam et al. 2015), but when the same spe-
cies was exposed to ash, CbE was induced (Tomazetti et al. 
2017). In mammalians, exposure to environmental pollut-
ants or lipophilic drugs can increase CbE activity (Satoh and 
Hosokawa 1998). Larvae of the insect Lymantria dispar had 
increased activities of CbE in polluted forests at 23 °C, but it 
was inhibited in higher and lower temperatures than 23 °C. 
The mosquito Chironomus sancticaroli exposed to Phe pre-
sented increased CbE activities at concentrations of 1.01 and 
1.21 mg/L at 48 h but did not differ from the control at lower 
concentrations at 24, 72, or 96 h of exposure (Richardi et al. 
2018). In the gastropod Biomphalaria straminea exposed 
to an organophosphate insecticide, there was a decrease in 
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CbE and an increase in GST, an enzyme of phases II of bio-
transformation (Cossi et al. 2018), which indicates that the 
organism can use different metabolic strategies as a response 
to environmental contamination. The authors also found 
an increase in ROS, although they did not correlate with a 
decrease in CbE. On the other hand, Ortega-Ramírez (2019) 
related the rise in CbE activity to embryonic development in 
O. maya. She found a strong correlation between increased 
CbE activity and decreased yolk, indicating that CbE may 
play an essential role in embryonic growth and develop-
ment via fat metabolism (Lian et al. 2018). So, exposure of 
embryos to Phe could generate less-developed individuals.

In conclusion, B-esterases in O. maya embryos were 
inhibited by Phe at all developmental phases, resulting in 
a promising biomarker of exposure. However, given the 
importance of B-esterases in many cellular functions, their 
inhibition may cause detrimental effects in organisms. 
Therefore, it is recommended that more studies be carried 
out to investigate the impact of pollutants in cephalopods 
and better understand Phe's toxicodynamics in this species.
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