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Exploring the presence of endocrine disrupting compounds in marine organisms, particularly cetaceans, is crucial
to evaluate contamination within the ocean’s food web and the detection of synthetic hormones in cetaceans is a
strong indication of anthropogenic pollution in marine ecosystems. Due to their characteristics, blubber samples
are a key component in assessing the analysis of cetaceans, but this type of sample require precise and sensitive
analytical methods. Despite some methodologies have been developed for the analysis of natural steroid hor-
mones in cetacean blubber, a significant gap persists in the comprehensive analysis of synthetic steroids within
these samples. In this work, a QUEChERS (Quick, Easy, Cheap, Effective, Rugged, and Safe) extraction combined
with UHPLC-MS/MS (ultra-high-performance liquid chromatography with tandem mass spectrometry) analysis
was performed to determine six synthetic steroid hormones (nandrolone, prednisolone, prednisone, megestrol
acetate, norethisterone, and norgestrel) in 11 stranded cetacean blubber samples. Despite the complex nature of
blubber samples, the developed methodology showed promising results, with recoveries ranging from 70 % to
120 % for most target compounds at low concentration levels (150 ng-g~1). The method demonstrated high
precision with relative standard deviations under 20 % in both intra- and inter-day experiments. Regarding the
matrix effect, ion suppressions of about 50 % were also calculated for those samples spiked at concentration
levels of 150 ng-g~*, nevertheless, all compounds were still able to be detected, in most cases below quantifi-
cation limits. Notably, one sample presented a quantified concentration of megestrol acetate, a steroid hormone
used in contraceptives and cancer treatments, at 26.98 +2.62ng-g"'. The results affirm the methodology’s
effectiveness for analyzing synthetic steroid hormone levels in cetacean blubber, providing a valuable tool for
assessing environmental concentrations of these anthropogenic endocrine disruptors and their impact on ceta-
cean welfare and conservation.

1. Introduction

Hormone pollution is becoming an environmental problem of
emerging relevance since the 1980s, when deformities in male fish from
British STW laggons were observed and identified as consequence of the
estrogenic compounds presence in STWs effluents (Purdom et al., 1994).
Desbrow et al. (1998) report 2 natural (17B-estradiol and estrone) and 1
synthetic hormones (ethinylestradiol) as the causative of these events.
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Male fish were able to respond to very low concentrations of these
compounds, which induce to a vitellogenin production, a protein asso-
ciated with reproducing female, causing the “feminization” (Routledge
et al., 1998). Most of the studies performed about the presence of hor-
mones in marine environment have focused in estrogens (Mezzelani and
Regoli, 2022); however, “masculinization” of female fish caused by
exposure to androgens in effluents have been proved (Parks, 2001). By
following this path, goal number 14 of the 2030 Agenda for Sustainable
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Development of the United Nations, titled “Conserve and sustainably use
the oceans, seas and marine resources for sustainable development”,
proposes as a target “increase scientific knowledge, develop research
capacity and transfer marine technology” (United Nations General As-
sembly, 2015).

Oceans consist on 71 % of the Earth’s surface and contain much of its
biodiversity, where marine mammals are major consumers at most
trophic levels, from primary production to other mammals (Bowen,
1997; Costello and Chaudhary, 2017). Human impact affects 74 % ma-
rine mammal species at high levels (Davidson et al., 2012). Cetaceans
represent 70 % of the species of marine mammals and play an important
role on marine ecosystems, as predators, prey, carcasses scavenged and
nutrient transference vector (Quaggiotto et al., 2022; Roman et al.,
2017; Tobena et al., 2016). As predators, cetaceans consume between
200 and 400 million tons of squid and fish per year. For example, sperm
whales consume 100 million tons of squid while small odontocetes
consume between 100 and 300 million tons of fish each year (Kanwisher
and Ridgway, 1983). This means a large difference compared to capture
production in marine fishing areas, which is estimated to be 80,4 million
tons by the Food and Agriculture Organization of the United Nations
(FAO, 2021). In this context, studies about human impact on cetaceans
become relevant as representative results of ocean conditions (Bellante
et al., 2012; Chen et al., 2017; Lopez-Berenguer et al., 2020; Zhu et al.,
2019) as well as it has been proved that marine mammals present sig-
nificant concentrations of anthropogenic substances considered as
persistent organic pollutants (POPs) such as pesticides, polychlorinated
biphenyls or polycyclic aromatic hydrocarbons (Bartalini et al., 2022)
and emerging contaminants (Andvik et al., 2021). Several effects of
endocrine disruptors in cetaceans have been reported, including cancer,
immunosuppression, reduced reproductive success and diseases (Fossi
and Marsili, 2003).

Steroid hormones, natural or synthetic, anthropogenically dis-
charged into the marine environment, act as endocrine disruptors, even
at very low levels (Ting and Praveena, 2017). The study of these com-
pounds in ocean mammals is fundamental to analyze the anthropogenic
impact on this environment. Different studies have focused on the
determination of sexual maturity (Mello et al., 2017; Mello and Alvar-
enga, 2016; Wittmaack et al., 2022), pregnancy (Atkinson et al., 2019;
Kellar et al., 2006; Mansour et al., 2002; Pérez-Jorge et al., 2011) and
hormone profiles (Boggs et al., 2017; Dalle Luche et al., 2019; Galligan
et al., 2018), analyzing endogenous hormones contained in blubber of
cetaceans but the studies about the presence of synthetic steroid hor-
mones in cetacean tissue are scarce. Blubber is a specialized hypodermic
adipose tissue found in marine mammals (Galligan et al., 2018). Most
organic contaminants are incorporated into the body of mammals via
food (Aguilar et al., 1999). Fat-soluble pollutants, such as organochlo-
rines, dioxins or polychlorinated biphenyls are transported by lipopro-
teins and accumulate in blubber (Lind and Lind, 2020; Lydersen et al.,
2002). During fasting periods, a very common process in the life cycle of
marine mammals, lipophilic pollutants are liberated from the blubber
into the blood circulation (Debier et al., 2003; Vanden Berghe et al.,
2012) which could induce physiological and health problems (Debier
et al., 2006). Steroid hormones are lipophilic compounds that are
accumulated in cetaceans blubber (Dalle Luche et al., 2019), so synthetic
steroid hormones could present a risk for marine mammals health. No
information about effects of synthetic hormones in marine mammals
exist in the published literature. Monitor mammals population is
required to determine at which concentrations of chemical pollutants, as
synthetic hormones, different adverse effects occur, and to use these to
improve the health of individuals or populations (Reijnders et al., 1999).
Blubber collection is guaranteed in stranded or hunted cetaceans and
biopsies appear as a moderately invasive technique, non-lethal, on
free-ranging animals. It is a good alternative specially in large cetaceans
in which is difficult to collect other matrixes in live animals (Mello and
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Alvarenga, 2016), as blood (Temte and Spielvogel, 1985), saliva
(Rickert et al., 2021), urine (Muraco et al., 2009), faeces (Miller et al.,
2021), ocular secretions (Atkinson et al., 1999), milk (West et al., 2007)
or blow (Hogg et al., 2005). In addition, the possibility of using the same
technique for live and dead animals, makes the blubber sample a very
attractive matrix to determine, by hormone analysis, the health or
welfare status, reproductive stage, and pregnancy of live animals,
allowing to monitor cetacean population groups.

Adeel et al. (2017) developed a study on environmental impacts of
estrogens in which the authors determined that one of the main sources
of anthropogenic steroid hormones were sewage treatment plants and
effluent from livestock feedlots. Hormones contained in hospital, in-
dustrial and domestic waste are not completely removed through
sewage plants processes, so significant concentrations of these com-
pounds contained in bio-solids and wastewater may be discharged to the
natural environment (Guedes-Alonso et al., 2014; Robinson et al.,
2007). Moreover, hormones and other contaminants contained in water
from irrigation of agricultural lands, with fertilizers, or in leachates from
municipal landfills, can arrive to groundwaters through infiltration. In
this case, mega farms or concentrated animal feeding operations
(CAFOs), due to the infiltration of the animal waste into the ground-
water, are a great source of synthetic and natural hormones. Main
hormones measured in tissues of marine organisms are 17f-estradiol,
17a-ethynylestradiol, estrone, diethylstilbestrol, estriol, norgestrel,
norethisterone, megestrol acetate, progesterone, testosterone, bolde-
none, nandrolone, cortisone, prednisone, and prednisolone, 9 synthetic
and 6 natural hormones (Mezzelani and Regoli, 2022). In the present
study 6 synthetic hormones were selected for analyse, based on the
presence of them in the aquatic environments of Macaronesia region.

Liquid chromatography tandem mass spectrometry (LC-MS/MS) has
been applied to the analysis of steroid hormones in environmental and
biological matrices due to its selectivity, sensitivity, analytical
throughput and compatibility with physico-chemical properties of
compounds (Guedes-Alonso et al., 2016a). However, the study in com-
plex biological matrices such as blubber is a challenge due to multiple
variables such as the difficulty of homogenizing the sample due to its
viscosity or the high lipid content that can affect the selectivity of the
method, so existing methodologies for its analysis for different com-
pounds show a lower accuracy and precision than analyses performed on
simpler matrixes such as water or sediments (Gonzalez-Bareiro et al.,
2023; Huysman et al., 2017; Liu et al., 2022). In this sense Boggs et al.
(2017) developed an LC-MS/MS method for the analysis of multiple
natural hormones in bottlenose dolphin blubber using a QuEChERS
(Quick, Easy, Cheap, Effective, Rugged and Safe) as extraction method.

The purpose of this study was to evaluate the performance of a
method for analyzing synthetic steroids in bottlenose dolphin blubber
(Tursiops truncatus) and to apply this method to determine these hor-
mones profile in two cetacean species (Tursiops truncatus and Globice-
phala macrorhynchus) stranded in Macaronesia region. The chosen
synthetic steroid hormones were detected previously in waters and biota
from Macaronesia region (Guedes-Alonso et al., 2017; Torres-Padron
et al., 2020) and this assessment could be useful to evaluate possible
bioaccumulation and biomagnification effects. Also this study in-
troduces a novel modification of the QUEChERS extraction method, as
proposed by (Boggs et al., 2017)., making it more accessible for regions
with large cetacean populations but limited scientific resources. The
methodology not only ensures cost-effectiveness and ease of use but also
allows for the analysis of small sample sizes, which can be obtained
through non-lethal biopsy darting. This adaptation provides a practical
and scalable solution for monitoring synthetic steroid pollution in ma-
rine mammals as well as it addresses the determination of synthetic
hormones, a significantly less explored area compared to the analysis of
endogenous hormones.
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2. Materials and methods
2.1. Material, and reagents

HPLC-grade methanol and acetonitrile, and LC/MS-grade methanol
and water used in the extraction and in the chromatographic methods
were obtained from Panreac Quimica (Barcelona, Spain), while ultra-
pure water was provided by a Milli-Q system (Millipore, Bedford, MA).
Nandrolone (NAN), prednisolone (PRDNL), prednisone (PRD), meges-
trol acetate (MGA), norethisterone (NORET) and norgestrel (NOR)
shown in Table 1, were purchased from Sigma-Aldrich (Madrid, Spain)
and showed purity over 99 %. Stock solutions (1000 mg-L™?) of target
analytes were prepared by dissolving the compound in LC/MS-grade
methanol, and the solutions were stored in glass-stoppered bottles,
wrapped in aluminum foil to block light exposure, at —20 °C prior to use.
A working solution consisting of a mixture of target compounds at a
concentration of 10 mpL~! was prepared also in LC-MS methanol and
conserved at —20 °C.

Table 1
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2.2. Sample collection

For the validation and application of the method and in order to
obtain a large amount of dolphin blubber, samples were collected from
dead bottlenose dolphins (Tursiops truncatus), corresponding CET0696;
CET1042; CET1133; CET1191; CET1200 and CET1209 codes, and short-
finned pilot whales (Globicephala macrorhynchus), corresponding
CET0880; CVGM2_18; CVGM4_18; CVGM6_18 and CVGM7_18 codes,
stranded in Macaronesia, specifically in the Canary Islands and Cabo
Verde Islands (Table 2). All cetaceans sampling were histologically
mature. According to the sampling protocol, samples were collected
from the dorsal area of cetaceans.

Blubber samples were stored at —80 °C, minimally thawed for
sectioning, and stored again at —20 °C until sample pretreatment and
extraction procedures.

2.3. Pretreatment and extraction procedures

The sample preparation followed the work of Boggs et al. on dolphin

List of studied hormones, class, structures, retention times (TR), n-octanol-water partition coefficient (Kow) and negative base-10 logarithm of acid dissociation

constant (pKa).

Compound Class® Structure” Kow® pK,! Tg (min)

Nandrolone (NAN) Androgen 2.62 15.06 + 0.40 2.94 + 0.39
Prednisolone (PRDLN) Glucocorticoid 1.62 12.46 + 0.70 2.48 + 0.38
Prednisone (PRD) Glucocorticoid 1.46 12.36 4+ 0.60 2.37 £ 0.41
Megestrol acetate (MGA) Progestogen 4.00 n.a‘ 3.53 +£0.32
Norethisterone (NORET) Progestogen 2.97 13.09 &+ 0.40 2.98 +£0.34
Norgestrel (NOR) Progestogen 3.48 13.09 &+ 0.40 3.25 £0.37

Abbreviations for each compound are indicated in parentheses.
2 From reference (Guedes-Alonso et al., 2014)
b From reference (Sigma-Aldrich, 2022)
¢ from EPI (Estimation Programs Interface) Suite™
4 from Scifinder database
¢ not available.
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Table 2
Sampled animals for hormone analysis.
Stranded Species Sex Stranded Island Region
code date
CET0696 Tursiops Male 12/02/ Fuerteventura  Canary
truncatus 2014 Islands
CET1042 Tursiops Male 23/11/ Tenerife Canary
truncatus 2019 Islands
CET1133 Tursiops Male 31/10/ Fuerteventura  Canary
truncatus 2020 Islands
CET1191 Tursiops Male 26/08/ La Gomera Canary
truncatus 2021 Islands
CET1200 Tursiops Male 04/11/ Gran Canaria Canary
truncatus 2021 Islands
CET1209 Tursiops Male 31/01/ Tenerife Canary
truncatus 2022 Islands
CET0880 Globicephala Male 15/12/ Lanzarote Canary
macrorhynchus 2017 Islands
CVGM2_18  Globicephala Female  06/09/ Boa Vista Cabo
macrorhynchus 2018 Verde
Islands
CVGM4_18  Globicephala Female  06/09/ Boa Vista Cabo
macrorhynchus 2018 Verde
Islands
CVGM6_18  Globicephala Male 06/09/ Boa Vista Cabo
macrorhynchus 2018 Verde
Islands
CVGM7_18  Globicephala Male 06/09/ Boa Vista Cabo
macrorhynchus 2018 Verde
Islands

blubber (Boggs et al., 2017). Scapels were used to remove superficial
layers of skin and muscle from samples in a sterile Petri dish and blubber
were minced (<3 mm) to provide as much homogeneity as possible
without compressing the tissue, which can result in the loss of oil. Then
the sample was evaporated under stream of Ny to remove water content
during congelation. 100 mg of sample weighed in an analytical balance
with a precision of 0.1 mg (VWR International Eurolab, Spain) were
transferred into a 50 mL Falcon tube, adding 4 mL of ultrapure water
and shaking for 10 seconds. 10 mL of acetonitrile (ACN) were then
added, and the Falcon tube was vortexed for 30 seconds. Following a
QuEChERS-based procedure, some salts (4 g MgSOg4; 1 g NaCl; 1 g so-
dium citrate; 0.5 g disodium citrate sesquihydrate) were added to the
sample, and the Falcon tube was again hand shaken for 1 min. Samples

333
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were sonicated for 1 min and centrifuged at 4000 rpm for 5 min. 7 mL of
the supernatant were transferred to a clean glass test tube and 100 mg of
octadecyl silica (C;g), weight optimized with high lipid matrixes, were
added to perform dispersive solid phase extraction (dSPE) for lipid
removal, vortexed during 1 min and then centrifuged at 4000 rpm for
10 min. Finally, in order to achieve greater preconcentration, the sam-
ples were transferred into a glass bottle and evaporated under stream of
Ny and reconstituted in 300 pL of MeOH, which means a preconcen-
tration of the extract of 23.3 times.

2.4. Chromatographic and detection conditions

The analysis of 6 synthetic steroid compounds was undertaken on an
ultra-high performance liquid chromatography system coupled to a
triple quadrupole detector (UHPLC-MS/MS) with Electrospray Ioniza-
tion Interface (ESI) from Waters (Barcelona, Spain). Components were
managed with MassLynx mass spectrometry software also from Waters.
Fig. 1 shows the chromatogram obtained from a sample spiked at
150 ng~g’1.

Chromatographic separation was performed with a Phenomenex
EVO column C;g (50 x 2.1 mm) with a particle size of 1.7 pm (Phe-
nomenex, California, USA) at a temperature of 35 °C. The sample volume
injected was 10 pL, using water with 0.1 % (v/v) of ammonia and
methanol without additives at a flow rate of 0.4 mL min~! in gradient
mode for the chromatographic separation. Mass spectrometry parame-
ters for the detection and identification of hormone compounds are
shown in Table 3.

2.5. Method validation

The analytical parameters evaluated in this study were linearity,
detection and quantification limits (instrumental and method), re-
coveries, repeatability, and reproducibility for blubber samples.

External calibration curves were built with 9 points in the range from
1 to 800 ng-mL~! which correspond to the theoretical concentrations in
blubber samples between 1.5 and 1200 ng-g ' of target analytes.
Instrumental detection and quantification limits (IDLs and IQLs) were
calculated as the concentrations that showed a signal-to-noise ratio
equal to 3 and 10, respectively.

The relative recoveries (Fig. 2) were studied by calculating the ratio
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Fig. 1. Chromatograms of the target synthetic steroid hormones obtained after QUEChERS extraction of a blubber sample spiked at 150 ng-g ™.
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Table 3
Mass spectrometer parameters for the determination of target analytes
(Guedes-Alonso et al., 2016b).

Compound Precursor Cone Quantification ion, Confirmation ion,
ion (m/z) voltage m/z (collision m/z (collision

(ion potential, V) potential, V)
mode)

NAN 275.2 35V 109.1 (20) 83.0 (30)
(ESI+)

PRDNL 361.3 20V 147.1 (20) 173.1 (25)
(ESI+)

PRD 359.3 30V 147.0 (15) 237.0 (20)
(ESI+)

MGA 385.5 30V 267.3 (15) 224.2 (30)
(ESI+)

NORET 299.2 30V 109.1 (25) 91.0 (40)
(ESI+)

NOR 313.2 38V 109.0 (26) 245.1 (18)
(ESI+)

between the response of the extracted sample spiked with the target
compounds and the response of post-extracted spiked samples. Ac-
cording to the expected concentration of hormones in real samples,
triplicate samples were spiked at three concentration levels (150, 600
and 1200 ng-g~! which correspond to 35, 140 and 280 ng-mL " in final
extract).

Matrix effect is another important analytical parameter, especially in
the analysis of biological samples. These matrices are considered very
complex ones due to the multiple interferences such as lipids and pro-
teins that could affect the ionization during the detection step. In this
study, the matrix effect was calculated as the percentage of signal sup-
pression/enhancement by comparing the difference of a QuEChERS
extract of a sample spiked post-extraction and a standard at the same
concentration prepared in a pure solvent, in this case, methanol with the
signal of standard in pure solvent. Equation of signal change presented
in Fig. 2 was used to evaluate signal suppression/enhancement. Positive
values of the analytical signal change indicated signal suppression while
negative values indicate signal enhancement.

Environmental Toxicology and Pharmacology 116 (2025) 104703

Method detection and quantification limits (MDLs and MQLs) were
calculated as the concentrations that showed a signal-to-noise ratio
equal to 3 and 10, respectively considering the extraction efficiency and
matrix effect produced in the obtained extracts after QuEChERS
extraction.

The repeatability of the method was studied intra-day (samples
triplicated on the same day) and reproducibility was inter-day (samples
triplicated on different days), calculating relative standard deviation
(RSD) values at the same three concentration levels as in recovery cal-
culations (Table 4).

3. Results and discussion
3.1. Method validation

The results showed a great linearity in the studied range and for all
compounds, with correlation coefficients =) higher than 0.990
(Fig. S1). Regarding instrumental detection limits (ILODs) were in the
range of 0.017-0.21 ng-mL™'. Instrumental quantification limits
(ILOQs) were the lowest point of the calibration curve that was fixed in
1 ng-mL™! for all compounds.

Extraction efficiencies (Fig. 3) show differences between spiked
concentration levels and compounds. In this study, recoveries in spiked
samples at 150 ng-g~ ' ranged between 105 % and 124 %. In spiked
samples at 600 ng-g !, recoveries ranged between 64 % and 71 % for all
compounds. Finally, in spiked blubber at the most elevated concentra-
tion level, 1200 ng-g!, recoveries ranged between 78 % and 92 %.
Boggs et al. proposed recovery bounds between 70 % and 120 % as
acceptable, range slightly exceeded by some compounds evaluated in
the present study (Boggs et al., 2017). The expected concentrations in
the subsequent analysis of the samples were closer to the lowest spiked
concentration, for which acceptable recovery values were obtained.

Regarding matrix effect, the study was focused on gaining a
comprehensive understanding of their behavior of the synthetic during
extraction and analysis. For this reason, instead of using isotopically
labeled internal standards to overcome matrix effects, signal suppres-
sion/enhancement was assessed for each compound under study. This
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Fig. 2. Scheme of methodology for analytical parameters determination. RSD: Relative standard deviation. SD: Standard deviation.

Table 4

Method detection limit (MDL), method quantification limit (MQL), repeatability (intra-day RSD) and reproducibility (inter-day) of the validated method.

Compound MDL MQL Intra-day RSD (%) n =3 Inter-day RSD (%) n=3 x 3

(ng-g™ ) (ng-g™H) 150 600 1200 150 600 1200

(ng-g ™) (ng-g™H

NAN 2.28 7.61 14.73 9.88 8.78 12.80 5.43 7.05
PRDNL 9.48 31.61 13.14 8.60 8.75 6.35 10.67 5.04
PRD 11.29 37.64 16.06 1.81 6.66 20.00 14.76 6.70
MGA 2.13 7.11 19.26 9.69 10.47 9.70 6.14 6.65
NORET 6.24 20.80 9.76 2.84 8.48 14.33 3.70 9.25
NOR 37.16 123.86 7.88 12.48 8.32 21.39 14.06 19.48
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+ standard deviations.

approach also ensures that the methodology remains accessible to lab-
oratories with limited resources, facilitating its implementation in future
research. All the target analytes presented a suppression of the signal
due to the complexity of the sample (Fig. 4). Signal suppressions of most
of the steroid hormones analysed from samples spiked with 600 and
1200 ng-g~! were below 50 %, proposed as an acceptable limit. In
contrast, this effect is more pronounced at the lower spiked concentra-
tion (150 ng-g™ 1), because the analytical signals are also lower. This
effect may be related to the interferences that are extracted regardless of
the concentration at which the sample is spiked. The lower the con-
centration, the greater the effect of these interferences on the
determination.

The method detection and quantification limits show a significant
variability between compounds (Table 4). NOR presented highest values
(MQL were between 61.32 and 130.69 ng-g™ ') compared to other
compounds with MQLs that ranged between 7.11 and 37.64 ng-g!. This
could be explained because NOR showed greater matrix effects than rest
of target analytes.

RSDs are presented in Table 4. Values from intra-day evaluation
ranged between 1.81 % and 19.26 %, generally showing a tendency to
decrease with increasing concentration level. RSD from inter-day study
ranged between 3.70 % and 20 %, except for NOR at 150 ng-g~'
(21.39 %), which is the compound with the highest LOQ. Generally,
inter-day RSD values indicate slight lower reproducibility at the lowest
concentration, with a mean RSD of 14.10 % at 150 ng-g ™%, 9.13 % at
600 ng-g~!, and 9.03 % at 1200 ng-g~*, confirming this trend. Consid-
ering an acceptable RSD limit of 20 %, due to matrix complexity and
interferences that are not removed in the clean-up process through Cig,

100
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o

the repeatability and reproducibility of the methodology could be
considered adequate.

Wittmaack et al. (2022) performed a blubber homogenization opti-
mization for hormones extraction by comparing bead beating and blade
dispersion, resulting in suitable recovery and RSD values through bead
beating with dry ice technique, while homogenization through blade
dispersion, more similar to the homogenization performed in this study,
indicates unacceptable parameters at 75 % of samples. In addition to its
automation capability, which results in a more stable error, bead beating
provides blubber minced to smaller size, more homogenous, and dry ice
reduces compress the tissue, minimizing the loss of oil (Dalle Luche
etal., 2019). In the present study, homogenization was performed using
scapels, which limits the minced ability and increases the possibility of
human error but reducing the cost and maintaining the philosophy of
the QuEChERS method. Despite this, in contrast to the study of
(Wittmaack et al., 2022)., repeatability and reproducibility presented
acceptable values (recoveries between 70 % and 120 % and re-
producibilities under 20 %).

3.2. Analysis of synthetic steroid hormones in blubber samples

Fig. 5 shows the target hormone compounds detected in the blubber
samples analysed as well as those compounds for which the concentra-
tion exceeded the limit of quantification. In this study, the sampling
body location was the dorsal region, which is a relevant factor for the
determination of hormones because blubber presents differences across
the body, therefore, a location with high lipid concentration and an
elevated number of adipocytes could present higher hormones

150 ng-g!
600 ng-g!
W 1200 ng-g!

NAN PRDLN PRD

MGA NORET NOR

STEROID HORMONES

Fig. 4. Ion suppressions of steroids from Tursiops truncatus blubber (n = 3) spiked at three different concentration levels (150, 600 and 1200 ng~g’1). The dotted

line denotes 50 % matrix effect. Error bars represent + standard deviations.
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Fig. 5. Distribution of the detection of the target analytes in the studied samples (n = 11).

concentrations, such as the ventral region. However, dorsal area is the
region with lower lipid concentration and number of adipocytes across
all body of cetaceans (Carbajal et al., 2022). In the same way, (Kellar
et al., 2006). compared three different layers as a function of blubber
depth (outer, middle and inner) and obtained higher values of proges-
terone in the middle layer. The degree of blubber stratification varies
among marine mammals (Guerrero and Rogers, 2017). Aguilar & Borrell
(Aguilar and Borrell, 1991) performed a study about the distribution of
organochlorine contaminants in the blubber layers of baleen whales,
and concluded that pollutant analyses should include all layers in order
to be representative of total pollution load into the cetacean. (Krahn
et al., 2004) found that the variation in organochlorine compounds with
depth and body region in each whale analysed was small relative to the
differences between whales, such that each animal could be distin-
guished from the others. Pedro et al. (2017) suggest that changes in the
stratification of blubber in females could be associated with the lactation
period. Analyse full thickness of blubber from stranded cetaceans could
be of special interest for comparison with the analysis of samples
collected by biopsy darts from free-ranging cetaceans, to know if this
biopsy system could be representative of the total. In most cases col-
lecting only the outermost layer of the blubber, being impossible to
divide into layers (Koopman, 2007). The average weight of blubber
collected by (Kellar et al., 2006). using biopsy darts was 150 mg.
Although the size of the dart used varies according to the size of the
animal (Sinclair et al., 2015). However, there are factors that can alter
the weight collected, such as the distance the dart is thrown (Mijele
et al., 2016). In the present study, full thickness were analysed trying to
ensure that the minced sample was representative of the total, using a
sample weight that is practically guaranteed in samples collected by
biopsy darts. In this way, the method can be applied to biopsies,
obtaining results that could be compared with the full-thickness blubber.
In addition, the limited access to samples from stranded cetaceans makes
it impossible to have enough weight of each layer to make a triplicate of
the sample.

As can be seen in Table S1, norethisterone was presented in 45.5 % of
the analysed samples but were not appeared in sufficient quantity to be
quantified. Nandrolone and megestrol acetate appeared in 36.4 % of
samples. Megestrol acetate was quantified in one sample (CET1200) at a
concentration of 27.0 + 2.6 ng-g~'. Prednisolone and norgestrel were
detected in the same samples but there was not sufficient information to
make a relation between them. Prednisone appears in only two samples
(18.1 %) with concentration below MQL too. The six synthetic hor-
mones analyzed were detected in at least two samples each one. Galligan
et al. (2020) determined natural hormone profiles of free-ranging bot-
tlenose dolphins from blubber, obtaining a range between 1.08 and
63.3ng-g ' of androgens in adult males and up to 174 ng-g~ ' of

progestogens as progesterone in female animals. Considering the MQLs
of the detected hormones, most of the compounds detected in the pre-
sent study are included in this ranges, which could indicate similar
concentrations of natural and synthetic hormones, a relevant informa-
tion that indicates the human impact on the ocean. Other studies of
natural hormones from cetaceans blubber presented concentrations
ranges that includes the values obtained in the present study too (Boggs
et al., 2017; Dalle Luche et al., 2019).

Some studies have found synthetic hormones in fish tissues in the
marine area where the studied cetaceans were stranded. Guedes-Alonso
et al. (2017) studied the hormones presence on fishes captured in the
proximity of the outfall of a wastewater treatment plant (WWTP) in
Canary Islands, detecting all hormones detected in the present study
except PRD, and obtaining some values at ug-g~! level in the case of
NAN and NOR, differing with the study performed by Torres-Padrén
et al. using the same methodology, in which PRD was quantified at
pg-g ! level (Torres-Padrén et al., 2020). This case could show the large
variability between samples, including with the same sampling areas, in
studies about marine pollution based on the presence in organisms, as in
the present study, in which detected hormones are different in each
sample.

Results obtained from cetacean samples show the potential for
detecting synthetic hormones through these animals, being an available
bioindicator for the study of pollution in marine environment, apart of
sediments (Liu et al., 2022) and seawater (Huysman et al., 2017), and its
impact in trophic chain and biological processes. Studies about effects of
some synthetic hormones as endocrine disruptors are focused in fishes
samples (Hicks et al., 2017; Hua et al., 2018; Li et al., 2021), performed
through the exposure to these hormones, which is impossible to perform
in cetaceans, so it is difficult to know the exact impact that could be
taking in marine mammals these compounds.

4. Conclusions and future trends

The results presented in this study indicated that QuEChERS
extraction combined with UHPLC-MS/MS analysis could efficiently
detect synthetic steroid hormones in blubber samples. Also, the analysis
is innovative, providing an insight into the anthropogenic impact on the
marine environment with the first detection and quantification of syn-
thetic hormones, contained in drugs and other products. Apart from
providing information on the pre-death health status of stranded ceta-
ceans, blubber sampling is not lethal, so it seems a good alternative for
monitoring the health or welfare status of free-ranging cetaceans. Hor-
mone profiles may be relevant to take more effective measures in the
case of protected species, obtaining information about health, repro-
ductive stage or pregnancy.
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While the current methodology meets the study’s accessibility goals,
future research might explore automated homogenization techniques to
further enhance sample consistency. Additionally, refining sample
cleanup steps could help minimize the matrix effects observed at low
analyte concentrations, supporting even greater analytical precision.
Finally, expanding this approach to include biopsy samples from live
animals could broaden the method’s applicability, and additional ana-
lyses of different blubber zones in specimens with significant hormone
concentrations would deepen understanding of these emerging con-
taminants’ impact on marine mammals. Relating these concentration
values to necropsy findings could also provide a more comprehensive
health assessment, contributing to the conservation and welfare of
cetacean populations.
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