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A B S T R A C T

The global oxygen inventory has been declining worldwide, primarily due to climate change. The importance of 
oxygen for aerobic respiration and its homeostasis makes declining oxygen levels a concern, particularly during 
energy demanding lifecycle stages. The effects of low oxygen levels on neuroendocrine responses and immune 
competence of developing sharks were studied in the head and trunk tissues of early (EE; before pre-hatching) 
and late embryos (LE) of small-spotted catshark (Scyliorhinus canicula) under six days of deoxygenation (93 % 
O2 of air saturation) and hypoxic conditions (26 % O2). Catshark embryos were resilient to deoxygenation, with 
only a 10 % decline in survival compared to the control, and only the gene expression of melanotransferrin 
changed. Under hypoxia, growth was unaffected, but survival decreased by 31 % compared to the control in LE, 
highlighting an inadequate physiological response. Developmental stage affected the expression of hypoxia- 
inducible factor 1 alpha (hif1a), iron metabolism and immune-related genes, pointing to critical response 
mechanisms. The EE stage had an optimised stress response under hypoxia compared to LE, with the upregu
lation of the hif1a gene. The lack of a protective response and compromised immune-related functions under 
hypoxia in LE raise concerns about species survival under climate change. These findings highlight the need for 
further research on the likely resilience of sharks to environmental challenges.

1. Introduction

There is a growing consensus that between 1970 and 2010, the open 
ocean lost 0.5–3.3 % of its oxygen, and it is projected to decline by up to 
3.7 % more by the end of the century (IPCC, 2023; Laffoley and Baxter, 
2019). Global warming is considered the primary cause of deoxygen
ation due to its effects on the physical properties of water and the 
respiration rates of marine microbes and animals (Breitburg et al., 2018; 
Limburg et al., 2020). Furthermore, warming enhances water stratifi
cation, which reduces the mixing of water layers and prevents sufficient 
reaeration of the bottom waters (Breitburg et al., 2018; Laffoley and 
Baxter, 2019; Limburg et al., 2020). A reduction by up to 98 % of deep 
ocean circulation will affect the supply of nutrients, the production of 
organic matter, and its subsequent sinking from the surface ocean 

(Breitburg et al., 2018; IPCC, 2023; Laffoley and Baxter, 2019). Lastly, 
eutrophication, caused by nutrient discharge into coastal waters, con
sumes oxygen and induces hypoxia when oxygen consumption by 
phytoplankton exceeds its replacement (Breitburg et al., 2018; Limburg 
et al., 2020).

Ocean model simulations project a decline in the oxygen content of 
global oceanic and coastal waters (deoxygenation) by up to 7 % by the end 
of the century (IPCC, 2019; Laffoley and Baxter, 2019). However, hyp
oxia occurs when oxygen concentrations fall below the critical levels 
necessary to sustain marine life, dramatically impacting ecosystems and 
the biodiversity within them (Breitburg et al., 2018; Laffoley and Baxter, 
2019; Limburg et al., 2020). The oxygen level associated with fisheries 
collapse is referred to as hypoxia and has a proposed threshold of 2 mg 
O2 L− 1 (Vaquer-Sunyer and Duarte, 2008), equivalent to 26 % of air 
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saturation.
Fish inhabiting coastal ecosystems do not appear to have developed 

specific physiological adaptations to hypoxia, contrary to species that 
inhabit environments where hypoxia occurs frequently (Childress and 
Seibel, 1998; Dam, 2013; McBryan et al., 2013). Thus, continued ocean 
warming accompanied by deoxygenation will result in habitat contrac
tion and fragmentation due to diminishing oxygen levels that will not 
meet the metabolic requirements of animals (Breitburg et al., 2018; 
Laffoley and Baxter, 2019; Limburg et al., 2020; Rosa et al., 2016). 
Changes in the environment caused by hypoxia include alterations in the 
distribution of aquatic animals and may increase their susceptibility to 
disease and predation by hypoxia-tolerant species (Breitburg et al., 
2018; Laffoley and Baxter, 2019). Moreover, pathogen transmission and 
severity can be enhanced in low-oxygen environments (Limburg et al., 
2020). Several studies have reported that insufficient oxygen has con
sequences for growth, reproduction, survival, feeding, recruitment, 
abundance, development, metabolism, and susceptibility to other 
stressors (Aku and Tonn, 1997; Brandt et al., 2011; Breitburg et al., 
2018, 1999; Craig and Crowder, 2005; Eby et al., 2005; Roman et al., 
2019; Sampaio et al., 2021; Shang and Wu, 2004; Taylor and Miller, 
2001; Thomas and Rahman, 2012; Zhang et al., 2014).

Early life stages constitute a vulnerable period of an organism’s life 
cycle since they are less tolerant to stressful environmental conditions 
(Rosa et al., 2014; Sampaio et al., 2021; Santos et al., 2021). In sharks, a 
critical stage in embryological development happens when the egg case 
jelly degrades and is replaced by seawater when the four seawater slits 
open (Musa et al., 2018). At this pre-hatching stage, the microhabitat of 
the egg case drastically changes (Musa et al., 2020, 2018), exposing the 
embryo to the surrounding freely circulating seawater and, therefore, to 
different conditions and new physiological challenges. Spawning of 
small-spotted catshark (Scyliorhinus canicula) typically occurs in shallow 
waters, usually in sandy areas where the eggs are laid (Compagno, 
1984). These eggs are deposited subtidally or in the lower intertidal 
zone, attached to substrates such as macroalgae, and this means 
hatchlings and young sharks typically develop in shallow waters 
(Compagno, 1984; Ellis and Shackley, 1997). In these coastal systems, 
developing embryos and larvae will be vulnerable to the more frequent 
fluctuations in temperature and oxygen content that have been pro
jected (IPCC, 2019; Wheeler et al., 2020). Additionally, unlike mobile 
life stages, oviparous embryos cannot move away from hostile envi
ronments (Limburg et al., 2020), making them even more vulnerable to 
environmental stressors. Since declining oxygen levels disrupt the sur
vival rates, growth patterns, and developmental processes of small- 
spotted catshark embryos (Diez and Davenport, 1990; Musa et al., 
2020; Varela et al., 2023), this may negatively impact the survival and 
health of this oviparous shark species.

Hypoxia induces stress, which can either enhance or suppress im
mune competence (Colgan et al., 2020; Greijer et al., 2005; Yada and 
Tort, 2016). The nervous, endocrine, and immune systems regulate 
these differing physiological responses through integrated circuits (Yada 
and Tort, 2016). The immune response to stressors is mediated by both 
the central and peripheral endocrine system and triggers a feedback 
response that modulates neuroendocrine signalling (Balasch and Tort, 
2019; Barton, 2002; Makrinos and Bowden, 2016; Wendelaar Bonga, 
1997; Yada and Tort, 2016). During the activation of the immune system 
or after infection, energy requirements are increased, and glucocorti
coids can modulate energy requirements by modifying the inflammatory 
response (Khansari et al., 2017; Sapolsky et al., 2000). As a result, im
mune activity decreases, and immune cells may be catabolised to 
generate protein and glucose (Khansari et al., 2017; Sapolsky et al., 
2000). An integrated response by the neuroendocrine and immune 
systems is indispensable and crucial for animal integrity, allowing them 
to modulate their physiological response to pathogens (Khansari et al., 
2017; Sapolsky et al., 2000). For this reason, abiotic parameters that 
interfere with the immune and neuroendocrine systems can modify 
disease resistance and wound healing, which ultimately impairs survival 

(Limburg et al., 2020; Virtanen et al., 2023).
Research on the impacts of oxygen deprivation on shark immunology 

and neuroendocrinology is scarce. In fact, studies of the immune 
response to hypoxia have mainly focused on adult teleost fishes and 
involve evaluation of the expression of genes such as interferon Mx, 
TNFR-α, hsp70, interleukins IL-1β and IL-10, and the cyclooxygenase-2 
(cox2) gene (Kvamme et al., 2013; Machado et al., 2018; Methling 
et al., 2010; Niklasson et al., 2011). Additionally, Wu et al. and Thomas 
et al. (Thomas et al., 2007; Wu et al., 2003) investigated the potential 
endocrine-disrupting effect of hypoxia on reproductive hormones. To 
address the critical knowledge gap regarding the influence of oxygen 
deprivation on vulnerable developmental stages, this study investigated 
how deoxygenation and hypoxia may impact the embryonic develop
ment of S. canicula. The significance of this research lies in its potential 
to uncover widespread physiological changes triggered by these 
stressors, particularly through the activation of distress-induced genes 
and alterations within the immune-neuroendocrine axis (Balasch and 
Tort, 2019; Gorissen and Flik, 2016). In this context, we selected a panel 
of genes to provide an integrative view of the molecular adjustments 
occurring during critical developmental windows. These genes encom
pass those associated with innate immunity, neuroendocrine activation 
(such as precursors of stress-related hormones), and growth and meta
bolic regulation (growth pathway and thyroid axis); genes related to 
energy homeostasis to explore potential shifts in metabolic trade-offs, as 
well as those involved in the adaptive response to hypoxia. The selected 
target genes and biometric data were analysed in the head and trunk 
samples of early (EE) and late (LE) small-spotted catshark embryos 
exposed to short-term (six days) deoxygenation (D; 93 % of air satura
tion) and hypoxic (26 % of air saturation) conditions. The study provides 
important insights into understanding how key marine species, that 
preserve the intricate balance within marine ecosystems, respond to 
modified oxygen availability and provides the basis for future conser
vation strategies in a rapidly changing ocean environment.

2. Material and methods

2.1. Ethics statement

All procedures were reviewed and approved by the Ethics Committee 
of the Faculty of Sciences of Lisbon University (ORBEA, Statement 2/ 
2021) and conducted in accordance with the requirements of the Eu
ropean Parliament’s legal regulations (EU Directive 2010/63).

2.2. Animal collection and acclimation

From November 2021 until January 2022, small-spotted catshark 
(Scyliorhinus canicula) embryos were obtained from two sources and 
maintained in Laboratório Marítimo da Guia (LMG - Cascais, Portugal). 
Eight eggs were from a public aquarium, Aquário Vasco da Gama (AVG, 
Algés, Portugal), where captive S. canicula females laid them. The 
remaining 26 eggs were the descendants of four female and two male 
catsharks caught by fishermen using traps at Figueira da Foz (Portugal) 
in February of 2021, maintained in LMG and allowed to breed. Egg 
deposition was checked daily in LMG and AVG, and when females laid a 
pair of eggs (one from each oviduct), they were collected, identified with 
the deposition date, and transferred to an acclimation tank in LMG. The 
34 eggs were acclimated for at least 30 days in a 600 L tank in a semi- 
closed life support system (1080 L total seawater volume). The semi- 
closed life support system was fed by 0.35 μm filtered (Harmsco, USA) 
and UV-irradiated natural seawater (Vecton 300, TMC Iberia, Portugal). 
Water quality was maintained using biological filtration [i.e., Ouriço® 
bio balls (Fernando Ribeiro, Portugal), fluidised sand bed filters (FSBF 
1500, TMC Iberia, Portugal)] and protein skimmers (Schuran, Ger
many). The seawater temperature was regulated automatically with 
temperature controllers (T controller twin, Aquamedic, Germany) con
nected to chillers (Hailea, China) and thermostats (V2 Therm 100, TMC 
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Iberia, Portugal).
Physicochemical water conditions were set to 16 ◦C, 8.0 pH units, 33 

g L− 1 of salinity, and 100 % oxygen with CO2-filtered air (using soda 
lime, Sigma-Aldrich, Germany). A photoperiod with a cycle of 12 h 
light/12 h dark was provided by artificial illumination. The intensity of 
illumination was consistent across treatments throughout the experi
ment. Each group of progenitors (two females and one male) was 
maintained in a 600 L tank belonging to a 1080 L semi-closed system 
with the same water quality conditions as the embryo’s acclimation 
tank. Temperature, pH, and dissolved oxygen were manually monitored 
daily using a WTW Multi 3510 IDS SET 4 with a pH-electrode SenTix® 
940 (WTW, Germany) and a dissolved oxygen sensor FDO® 925 (WTW, 
Germany), and salinity was verified using a water salinity tester Hanna 
HI98319 (Hanna Instruments Portugal, Lda). Ammonia (NH3/NH4

+) and 
nitrite (NO2

− ) were monitored in the circuit water using colorimetric test 
kits (Tropic Marin, Switzerland) every week and kept below detectable 
levels. One week before the beginning of the experiment, the eggs were 
randomly assigned to a treatment.

2.3. Experimental conditions

To assess the effect of oxygen loss (Laffoley and Baxter, 2019), ex
periments took into account (IPCC, 2019) projections and the definition 
of hypoxia (oxygen levels below 2 mg L− 1) (Vaquer-Sunyer and Duarte, 
2008). Three experimental treatments were established: i) control (100 
% air saturation), ii) deoxygenation (D; 93 % of air saturation), and iii) 
hypoxia (26 % of air saturation). A Loligo ® Online Oxygen Converter 
was used to convert the percentage of air saturation into oxygen content.

A sample size calculation for this study with a set statistical power 
was not possible due to the absence of effect size data from previous 
studies, and the lack of realistic estimates of the expected effect size and 
variability of S. canicula embryos’ responses. For this reason, the 3R 
framework was followed, prioritizing the humane use of the animals. 
The authors have extensive experience in maintaining this species under 
laboratory conditions (Martins et al., 2024; Pegado et al., 2020a, 2020b; 
Varela et al., 2023), and the experimental protocols were previously 
refined.

34 embryos of between 42- (early embryos; EE) and 111-days (late 
embryos; LE) post-laying (dpl) were randomly allocated to each treat
ment, and three replicate tanks per treatment were established 
(Table S2). Each treatment had three semi-closed recirculating systems 
with a drip system equipped with protein skimmers (Reef Skim Pro 400, 
TMC-Iberia, Portugal), biological filtration (Ouriço® bio balls, Fernando 
Ribeiro, Portugal), and automatic temperature control (XH-W3002 
controller, hysteresis 0.3 ◦C) connected to water heaters (Eheim ther
mocontrol 150, Eheim GmbH & Co KG, Germany) and a water chiller 
(Hailea HC-150 A). Deoxygenation and hypoxia treatments had an in
dividual cylindrical column where certified nitrogen gas (Air Liquide, 
Portugal) was injected into seawater via a solenoid valve. Each replicate 
tank was continuously fed with oxygen-limited seawater with a pump 
(35 W; TMC, V2 Power Pump, 2150 L h− 1). Each treatment tank had 
independent optometers (PyroScience FireStingO2, accuracy ±0.1 mg 
O2 L− 1), and oxygen levels were monitored and corrected every two 
seconds. Oxygen saturation levels were controlled using an Arduino 
Mega controller (Mucha, 2023) with hysteresis set at 0.2 mg O2 L− 1, 
downregulated by injection of nitrogen gas or upregulated by aeration 
with CO2-filtered air (using soda lime, Sigma-Aldrich, Germany) con
nected to an air compressor (Medo Blower LA-120 A, Nitto Kohki, 
Japan).

Each replicate was composed of a 45 L tank (56 × 39 × 28 cm), under 
a photoperiod of 12 h/12 h L:D (light: dark cycle), where egg cases were 
hung vertically by their tendrils with the arched end facing upwards. 
Each replicate had an independent supply of filtered (0.35 μm, Harmsco, 
USA) and UV-irradiated (Vecton 300, TMC Iberia, Portugal) seawater. 
The seawater flow was adjusted manually each day through an acrylic 
flow meter (1–10 L min− 1 range). Salinity, oxygen levels, temperature, 

pH, NH3, NH4
+, and NO2

− levels were monitored as outlined above.
Experimental exposure of embryos was performed after oviposition 

continuously for six days. Experimental treatments were as follows: i) 
control with the following seawater conditions, T = 16.3 ± 0.2 ◦C, pH =
8.07 ± 0.02 pH units, salinity = 33.0 ± 0.2 g L− 1, and oxygen saturation 
= 99.56 ± 0.69 % (n = 11; 3–4 embryos/replicate); ii) Deoxygenation 
(D), T = 16.1 ± 0.2 ◦C, pH = 8.07 ± 0.02 pH units, salinity = 33.0 ± 0.2 
g L− 1, and oxygen saturation = 92.83 ± 0.93 % (n = 10; 3–4 embryos/ 
replicate), and iii) hypoxia (H), T = 16.3 ± 0.1 ◦C, pH = 8.16 ± 0.02 pH 
units, salinity = 33.0 ± 0.2 g L− 1, and oxygen saturation = 28.26 ± 3.25 
% (n = 13; 4–5 embryos/replicate).

2.4. Biometry and sample collection

An elasmobranch egg case consists of the collagenous egg case 
membrane, jelly, egg yolk, and the developing embryo (Musa et al., 
2018). A total of 34 small-spotted catshark egg cases [ncontrol = 11 (3 EE 
+ 8 LE); nD = 10 (4 EE + 6 LE); nH = 13 (4 EE + 9 LE)] were removed 
from the experimental tanks after six days of exposure. The egg cases 
were transferred to 90 mm Corning™ Petri dishes (Fisher Scientific, 
Portugal) filled with seawater from the respective treatment tank, and, 
under candling, the developmental stage of each embryo was assessed 
according to the scale of Musa et al. (2018). The egg case was cut at one 
edge, and the embryo was euthanised by immersion in a solution con
taining 1 g L− 1 ethyl 3-aminobenzoate methanesulfonate (Tricaine MS- 
222; E10521, Sigma-Aldrich) buffered with 1 g L− 1 sodium bicarbonate 
(S5761, Sigma-Aldrich). Next, the yolk stalk was cut as near as possible 
to the embryo’s belly with dissecting scissors, detaching the embryo 
from the egg yolk. The embryo wet mass was recorded using a Sartorius 
balance (CPA225D, Germany). The total length was measured (from the 
tip of the snout to the tip of the tail) to calculate Fulton’s condition factor 
(K), which was determined using the total mass (g) divided by the total 
length (cm) cubed × 100 (Ricker, 1975). The embryo was dissected into 
two parts: head from the tip of the head to the end of the gills (H), and 
trunk region (T) from the pectoral to the anal fin (excluding gills), which 
were then immediately placed in dry ice and stored at − 80 ◦C until RNA 
extraction.

2.5. Developmental stage characterisation

The developmental status of each embryo in the different treatment 
regimens was assessed using the scale developed by Musa et al. (2018)
under candling and was confirmed visually after euthanasia. EE and LE 
were selected, and stage four was used as the cut-off (pre-hatching) 
(Fig. 1, Table S2).

Stage four is a critical point in embryonic development as it marks 
the moment when embryos are in transition to acquire a state that allows 
them to cope with exposure to the physicochemical conditions of their 
habitat. The egg case is inherently porous and has an intricately ordered 
structure that acts as a selective filtration membrane, enabling respira
tory and metabolic exchange (Goh et al., 2021), and the egg case jelly 
protects embryos from elements in their habitat that cause dehydration 
(Musa et al., 2018). After stage four, the jelly degrades and is replaced by 
seawater, and all four seawater slits are fully opened (Musa et al., 2018). 
This process is termed pre-hatching, exposing the embryo to the sur
rounding seawater and, therefore, to different conditions and new 
physiological challenges.

2.6. Analysis of gene expression by quantitative real-time PCR (qPCR)

Total RNA was extracted from shark EE and LE using an E.Z.N.A. ® 
Total RNA Kit I Protocol (SKU: R6834–02, Omega Bio-tek, Inc.) with 2- 
mercaptoethanol (A1108,0100, PanReac), following the optimised 
manufacturer’s protocol. In brief, dissected embryos (approximately 
150 mg of the head and 100 mg of the trunk) were placed in lysis buffer 
with two metal beads and disrupted in a Retsch MM400 (Scansci) using 
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four cycles of 30 s. Total RNA was eluted from the purification columns 
of the Total RNA kit (E.Z.N.A.) using 30 μL of nuclease-free water, and 
then any genomic DNA contamination was removed with a Precision™ 
DNase kit (Primerdesign), following the manufacturer’s protocol. The 
concentration and purity of the extracted RNA were assessed using a 
NanoDrop ONE © (Thermo Scientific). In head samples, the mean ratios 
of A260/280 and A260/230 were 1.757 and 1.009, respectively. In 
trunk samples, the mean for A260/280 and A260/230 ratios was 1.891 
and 0.939, respectively. Some samples had low ratios; however, these 
values were not consistent with both ratios. The high urea contents of 
marine elasmobranchs (Hazon et al., 2003) (Wood and Giacomin, 
2016), the presence of salt from the marine environment and/or proteins 
(e.g. (Tavares et al., 2011)), and the RNA composition (nucleobase ra
tios) may have affected the RNA ratios assessed by the NanoDrop. RNA 
integrity was checked by agarose gel electrophoresis on 0.8 % Seakem® 
LE Agarose (50,004, Lonza) and run in a PowerPac Basic tray (BioRad). 
Samples that passed the integrity control were used for gene expression 
quantification.

Synthesis of cDNA from the extracted total RNA was carried out in a 
20 μL reaction volume with 500 ng of total RNA. The reaction conditions 
were as follows, a preliminary denaturing step at 65 ◦C for 5 min, fol
lowed by the addition of the reagents dNTPs 10 mM, random hexamers 
100 μM/200 ng (Jena Biosciences), Ribolock™ RNase inhibitor 40 U/μL 
(ThermoFisher), and RevertAid™ reverse transcriptase 200 U/ μL 
(ThermoFisher) and incubation at 20 ◦C for 10 min, then 42 ◦C for 50 
min, before enzyme heat inactivation at 72 ◦C for 5 min. The absence of 
genomic contamination was monitored by PCR amplification of the 

ribosomal RNA 18S, in extracted RNA. The 18S rRNA PCR was carried 
out in a 25μL reaction volume containing 2 μL of total RNA (1:10), 
dNTPs 10 mM, DreamTaq (VWR), RT4 primers 10 mM (Table S1), and 
10 x reaction buffer. The thermocycle was as follows: 95 ◦C for 5 min, 
followed by 27 cycles of 95 ◦C for 20 s, 60 ◦C for 20 s, 72 ◦C for 20 s, and 
a final elongation step at 72 ◦C for 5 min.

For PCR amplification of the candidate genes cDNA (2 μL of 1:10 
dilution) was used. Primers for the candidate genes and reference genes 
were designed using Primer3, and sequences were retrieved using 
BLAST against the nucleotide database (NCBI), where the genome of 
Scyliorhinus canicula is available (Table S1). The PCR to detect genomic 
contamination or the target amplicons was carried out using a T100™ 
thermal cycler (Biorad). The presence of genomic contamination or 
candidate gene amplification was checked by agarose gel electropho
resis [(2 % Seakem® LE Agarose (50,004, Lonza)]. In the case of 
candidate genes, the PCR product was sequenced to confirm primer 
specificity. The efficiency of each primer was calculated from a standard 
curve prepared from the isolated and quantified PCR product using five 
concentrations of a 1:10 dilution series, starting from an initial 1:50 
dilution. The standard curves were performed on the same day as the 
qPCRs.

qPCR was used to quantify the mRNA expression of genes of the 
neuroendocrine-immune response in control samples and samples from 
the deoxygenation and hypoxia challenges. To monitor how the loss of 
oxygen modulated the activity of the neuroendocrine and immune 
response, the genes ferritin heavy chain (fer), melanotransferrin (meltf), 
ferrochelatase (fch), lysozyme G-like (lys), tumor necrosis factor recep
tor SF1A associated via death domain (tnfr), perforin 1 (perf1), inter
feron regulatory factor 2 (irf2), growth hormone receptor (ghr), melanin- 
concentrating hormone receptors 1 and 2 (mchr1 and mchr2), thyroid 
hormone receptor beta (thrb), interferon gamma-like (ifn), and nuclear 
factor kappa B (NFKB) repressing factor (nfkrf) were quantified in the 
shark embryo head and trunk. Growth hormone (gh), TSH receptor 
(tshr), proopiomelanocortin a (pomc), and thyroid peroxidase (tpo) were 
quantified in the shark embryo head. Because these genes are expressed 
in the thyroid and pituitary glands (Power et al., 2001), it is irrelevant to 
quantify them in the trunk. Hypoxia-inducible factor 1 alpha (hif1a) was 
also quantified in both tissues to assess if the embryos had the capacity 
to recruit hypoxia-protective responses. qPCR reactions were performed 
in 6μL reactions containing 1 μL of cDNA (diluted 1:5), 10μM of each 
primer, except for the ifn primer pair for which a concentration of 5 μM 
was used, and SsoFast EvaGreen supermix (3 μL, Bio-Rad Laboratories). 
qPCR was carried out in duplicate reactions in 384 plates prepared using 
a CyBio® FeliX CHOICE™ robot (AnalytikJena, Germany).

qPCR reactions were carried out in a StepOnePlus qPCR thermo
cycler, and data were analysed with Bio-Rad CFX Maestro 1.0 software 
(Bio-Rad Laboratories, USA). Thermocycling conditions were 95 ◦C for 
1 min, 39 cycles of 95 ◦C for 5 s, and 60 ◦C for 10 s, followed by a final 
melt curve between 60 and 95 ◦C, which gave single product/dissocia
tion curves in all reactions. Two reference genes, ribosomal protein L13 
(RPL13) and ribosomal protein S29 (RPS29), which did not vary 
significantly between treatments and tissues, were used as reference 
genes. Results were normalised with the geometric mean of these two 
reference genes. Quantitative gene expression was established using 
relative quantification, and the results are reported as 2-ΔΔCT, the fold 
change in gene expression relative to the control (Livak and Schmittgen, 
2001).

2.7. Statistical analysis

All statistical analyses were performed using R Studio software 
(version 2024.09.0 + 375) on ΔΔCT values. Generalised Linear Mixed 
Models using Template Model Builder (“glmmTMB” function) were 
fitted to biometry, survival, and gene expression, with treatment, 
developmental stage, and tissue as predictor variables. The model re
siduals were plotted (“check_model” function) to check assumptions of 

Fig. 1. Characterisation of developmental stages of small-spotted catshark 
Scyliorhinus canicula embryos used in the experiment, according to Musa et al. 
(2018) (pictures acquired by the authors). Early embryos (EE): A – Stage four 
(before pre-hatching); Late embryos (LE): B – Stage five, and C – Stage six.
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normality, homoscedasticity, and independence among residuals.
The AIC (Akaike Information Criterion) function was used to deter

mine whether the replicate, treatment, developmental stage, or tissue 
influenced each response variable, considering the interaction between 
the variables, and to determine which model was the best fit for the data. 
Then, type II Wald chi-squared tests (function “Anova”) were performed 
on the models to evaluate the effect of the predictor variables and rep
licates on each response variable. No significant differences were 
detected between replicates in any response variable. Post-hoc com
parisons between treatments were performed (function “emmeans”, 
package “emmeans”) with treatment set as a three-level factor (control, 
deoxygenation, and hypoxia), developmental stage set as a two-level 
factor (early and late embryos), and tissue as a two-level factor (head 
and trunk). The confidence level was set at 0.95, and p-values were 
adjusted through Tukey corrections (Tables S3–4). Variables were 
plotted using the “ggplot” package on 2-ΔΔCT values (the fold change 
relative to the Control). Principal component analysis (PCA) was per
formed using the “prcomp” function. Eigenvalues were displayed in a 
scree plot (“fviz_eig” function), the cumulative variance percentage was 
confirmed through the “summary” function, and the “fviz_pca” function 
allowed the visualization of the PCA. The effect size was determined 
using the package “effsize”, function “cohen.d”, and the statistical power 
through function “pwr.anova.test” (Table S5).

3. Results

3.1. Shark condition and survival

Survival was 100 % under the control conditions. Under deoxygen
ation, survival decreased by 10 % (90 % survival), and under hypoxia, 
survival was significantly reduced by 31 % (69 % survival) compared to 
control (p ˂ 0.05; Tables S2, S3, S5). EE displayed no mortality during 
the experiment; thus, the survival rate decreased only due to the mor
tality of LE (Fig. 2).

Development time (days post-laying; dpl) did not differ significantly 
across treatments. Moreover, the different experimental treatments did 
not affect the embryo wet mass, total length, or K (Fig. S1, Tables S3, 
S5).

3.2. Gene expression

In the head tissues of EE, hypoxia caused upregulation of perf1 and 
hif1a compared to control (p ˂ 0.05; Fig. 3; Tables S4, S5). The 

expression levels of perf1 were also higher under hypoxia when 
compared to deoxygenation (p ˂ 0.05; Fig. 3; Tables S4, S5). Addition
ally, the developmental stage played an important role in how hypoxia 
affected gene expression in the embryo’s head tissue. Hypoxic LE 
exhibited significantly lower levels of meltf, fer, perf1, and hif1a 
compared to hypoxic EE (0.01 ˂ p ˂ 0.05; Fig. 3; Tables S4, S5).

In the trunk region, both immune and neuroendocrine responses 
were similar across treatments and developmental stages (see Supple
mentary Fig. S2; Tables S4, S5).

When analysing the overall response of the embryos (see Supple
mentary Fig. S3), we found that hypoxia caused the downregulation of 
tnfr, and deoxygenation caused the downregulation of meltf expression 
levels compared to the control (p ˂ 0.05; Tables S3, S5).

Multivariate analysis (Fig. 4) showed that the first two dimensions of 
the principal component analysis (PCA) explained 74 % of the total 
variance, suggesting these two components explained the most signifi
cant proportion of variation and served as the primary axis for sepa
rating the treatment groups. PC1 and PC3 explained 62 % of the total 
variance, highlighting secondary patterns of variation in the selected 
neuroendocrine and immune-related genes. The individuals (replicates) 
were grouped by treatment: control, deoxygenation, and hypoxia, and 
the concentration ellipses represented the confidence intervals for each 
treatment group, indicating how distinct or overlapping these groups 
were in the PCA space. The iron metabolism genes (in blue) fer, meltf, 
and fch, focusing on how oxygen availability affects iron transport and 
storage, which are critical for cellular metabolism and immune function, 
the immune genes (in black), lys, tnfr, perf1, nfkrf, irf2, and ifn, reflecting 
immune responses under different oxygen levels, the neuroendocrine 
genes (in orange) gh, ghr, mchr1, mchr2, tshr, thrb, tpo, and pomc, rep
resenting hormonal regulation and stress-response changes, and the 
hypoxia-related gene hif1a (in grey) highlighting the impact of oxygen 
deprivation on cellular response, were differently loaded in each 
dimension. Fig. 4 showed that thyroid hormone signalling (tshr, thrb) 
and the growth hormone axis (gh, ghr) were tightly correlated. In 
contrast, pomc and tpo showed divergent behavior, likely reflecting 
neuroendocrine stress activation or hypoxia-modulated thyroid func
tion. The PCA (Fig. 4) also suggested that the immune genes perf1, irf2, 
and lys were co-regulated with endocrine and iron metabolism genes, 
forming a homeostatic cluster, contrary to ifn that showed a negative 
correlation with hif1a, indicating it may decrease under hypoxia.

The first component (PC1; 53 % variance) primarily distinguished 
control samples, which clustered towards the negative axis, from 
deoxygenation samples, that were more centred on the PC, and hypoxia 

Fig. 2. The effect of treatment [control, deoxygenation (D), and hypoxia (H)] on the mortality proportion of small-spotted catshark late embryos (Scyliorhinus 
canicula LE; ncontrol = 8, nD = 6, nH = 9) after six days of exposure. No mortality occurred in the control treatment. Bars represent the mean proportion + standard 
error, calculated using binomial distribution. Significant differences between treatments are denoted by symbol superscripts (p < 0.05, Tables S3, S5).
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Fig. 3. Results of qPCR expression in head samples of early (EE) and late embryos (LE) of small-spotted catshark (Scyliorhinus canicula; ncontrol = 11, nD = 10, nHypoxia 
= 13) after six days of exposure to deoxygenation (D; air saturation = 93 %) and hypoxia (H; air saturation = 26 %). A – iron metabolism (meltf – melanotransferrin, 
fer – ferritin heavy chain, fch – ferrochelatase); B – innate immune genes (lys – lysozyme G-like, tnfr – tumor necrosis factor receptor SF1A associated via death 
domain, perf1 – perforin 1, irf2 – interferon regulatory factor 2, ifn – interferon gamma-like, nfkrf – nuclear factor kappa B (NFKB) repressing factor); C – neuro
endocrine genes (tshr – TSH receptor, thrb – thyroid hormone receptor beta, pomc – proopiomelanocortin a, tpo – thyroid peroxidase, gh – growth hormone, ghr – 
growth hormone receptor, mchr1,2 – melanin-concentrating hormone receptors 1 and 2), and D – hypoxia-related genes (hif1a – hypoxia-inducible factor 1 alpha). 
Expression levels were normalised using the geometric mean of ribosomal protein L13 (RPL13) and S29 (RPS29), and expressed as the fold change relative to the 
Control (2-ΔΔCT; 100 % of air saturation). Significant up or downregulation relative to the Control is denoted by letter superscripts (p < 0.05). Significant differences 
between D and hypoxia treatments are denoted by symbol superscripts (p < 0.05). Horizontal grey dashed lines represent the Control value (considered to be 1). 
Horizontal solid black lines represent the median, the whiskers represent the lowest and the highest values of the results, and the boundaries represent the 25th and 
75th percentiles. Black dots represent outliers, and grey triangles represent individual data points. Additional statistical information is provided in Tables S4–5.
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Fig. 4. Principal component analysis (PCA) biplot of individuals and variables. The individuals have been coloured according to the treatment [control, deoxy
genation (D), and hypoxia (H)]. An individual refers to a replicate per treatment, variables are the gene expression of iron metabolism (blue: fer, meltf, fch), immune 
(black: lys, tnfr, perf1, irf2, ifn), neuroendocrine (orange: gh, ghr, mchr1,2, tshr, thrb, pomc), and hypoxia (grey: hif1a) related-genes, with concentration ellipses 
representing the confidence interval for each treatment. A – PC1 vs PC2 biplot; B – PC1 vs PC3 biplot. Despite PC3 explaining less overall variance than PC2, it 
effectively distinguished between the hypoxia and the control treatments, highlighting an expression pattern-specific treatment. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.)
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samples, positioned towards the positive axis. However, hypoxia was 
not strictly on the positive extreme, it overlapped with control and 
deoxygenation samples. This dimension suggested a suppression of 
biological responses in the control treatment, with strongly negatively 
loaded genes (between − 0.92 and − 0.78) involved in iron metabolism 
(fer and fch), immune response (perf1, irf2, and lys), and neuroendocrine 
signalling (gh, ghr, mchr1, mchr2, tshr, and thrb). In contrast, DO treat
ment was associated with more neutral or mildly positive loadings, such 
as pomc (0.18), suggesting possible stress adaptation.

PC2 (21 % variance) mainly distinguished between the hypoxia 
treatment, located towards the negative axis, and the deoxygenation 
treatment, with samples loaded positively on PC2. Control samples were 
mostly intermediate between hypoxia and deoxygenation samples. The 
hypoxia treatment was characterised by high expression of iron trans
port, hypoxia-inducible, and inflammatory genes, such as meltf, hif1a, 
nfkrf, and tnfr (from − 0.77 to − 0.62), whereas the deoxygenation 
treatment was driven by immune genes, including ifn and lys (0.80 and 
0.40, respectively).

PC3 (9 % variance) reflected divergent strategies, distinguishing the 
hypoxia treatment from the control. Although PC3 accounted for a 
smaller portion of total variance than PC2, it clearly separated samples 
from the hypoxia and control groups, highlighting a treatment-specific 
secondary expression pattern. Control treatment was characterised by 
the higher expression of genes associated with immune, endocrine and 
hypoxia inducible responses, such as irf2, pomc, tpo, Sghr, and hif1a 
(between 0.42 and 0.52), suggesting the activation of possible 
compensatory mechanisms that can support physiological stability and 
resilience when exposed to environmental variations. These responses 

may reflect anticipatory or adaptive adjustments that enable embryos to 
maintain growth, immune and endocrine function in dynamic coastal 
habitats where oxygen fluctuations may occur. In contrast, negatively 
loaded genes, associated with hypoxia, reflected reduced activity in 
growth and immune pathways, including gh, fer, and tnfr (around 
− 0.35). The control group clustered with lower variability in gene 
expression, suggesting stable conditions, followed by deoxygenation and 
hypoxia groups, which showed more significant shifts along the prin
cipal components, reflecting changes in gene expression related to the 
stress response, iron metabolism, and immune regulation due to reduced 
oxygen availability.

4. Discussion

In the present study, mortality occurred only in late embryos (LE), 
both under deoxygenation (D) and hypoxic conditions (Figs. 2, 5). 
Although survival decreased by 10 %, shark embryos appeared to cope 
with the deoxygenation, as shown by the single alteration (decrease) in 
melanotransferrin (meltf) gene expression (Fig. 5, S3). Nevertheless, the 
decrease in meltf expression may pose developmental impairments to 
shark embryos under these conditions (further discussed). Under hyp
oxia, morphological/biometric data remained unaltered (Fig. S1), as 
previously reported by (Musa et al., 2020), and the expression levels of 
several genes were significantly changed (Fig. 5), suggesting some 
adaptive responses. Although the shark LE employed coping strategies, 
they were insufficient, resulting in a significant 31 % decrease in sur
vival rate (Figs. 2, 5).

In stage four (EE), the inside of the shark’s egg case may become 

Fig. 5. Immune and neuroendocrine response of small-spotted catshark were investigated after six days of exposure to deoxygenation (D) and hypoxic (H) con
ditions. Survival and Fulton condition factor (K) were calculated. Expression of genes related to iron metabolism (IM; meltf, fer, fch), the innate immune response 
(INN; lys, tnfr, perf1, ifn, irf2, nfkrf), neuroendocrine response (END; tshr, thrb, pomc, tpo, gh, ghr, mchr1,2), and hypoxia (HYP; hif1a) were quantified in the head (H) 
and trunk (T) of early (EE) and late (LE) embryos. Statistics are related to head samples, except for tnfr and meltf. Expression levels decreased ↓, increased ↑, or were 
maintained = compared to control. After determining whether the treatment, developmental stage, or tissue influenced each response variable, a model was fitted. 
The predictor variable that significantly affected the response variable is highlighted in italic bold (p ˂ 0.05). The symbol * specifies interaction terms along with the 
main effects for those variables. Treat – treatment (control, D or hypoxia); Dev. Stage – developmental stage (EE or LE).
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hypoxic (Rodda and Seymour, 2008) because the slits in the egg case are 
not completely opened and metabolic needs progressively increase 
(Musa et al., 2020; Rodda and Seymour, 2008). Some mechanisms, such 
as the external gills and the degradation of the jelly, provide improved 
access to oxygen (Musa et al., 2018), and the egg case porosity may 
facilitate respiratory exchanges (Goh et al., 2021). Together, these fac
tors help early-stage embryos adapt to the low-oxygen microenviron
ment within the egg case. Once the egg case is opened (pre-hatching, 
LE), the egg case is inundated by the surrounding seawater and the inner 
microenvironment becomes normoxic, the gills are reabsorbed, and the 
metabolism is adjusted (Grunow et al., 2022; Musa et al., 2018).

When exposed to hypoxic environments, shark embryos may activate 
mechanisms to counteract hypoxia’s potential stress and deleterious 
effects. One of the mechanisms is the adaptive response to hypoxia, 
which is mediated by an acute hypoxia-sensitive regulator, the tran
scription factor hypoxia-inducible factor 1 alpha (hif1a) (Lee and Tsai, 
2017). This factor is a crucial regulator of cellular and systemic re
sponses to low oxygen levels and a core protective response since it 
activates at least 1000 downstream target genes (Lee and Tsai, 2017; 
Tamamouna and Pitsouli, 2018). In many biological processes, 
including erythropoiesis, angiogenesis, metabolic reprogramming, cell- 
cycle regulation, and vascular remodelling hif1a has a key role 
(Gordan and Simon, 2007; Semenza, 2000). The positive correlation 
between hif1a and the control treatment observed in the PCA (Fig. 4) 
likely reflects a developmentally regulated role, as shown in early 
vascular and cardiac development (Semenza, 2000) in the context of the 
low oxygen environment inside the egg case (Rodda and Seymour, 
2008). This interpretation is consistent with findings by Musa et al. 
(2018), who described progressive vascular growth during stages three 
and four of shark embryonic development. In contrast, the significant 
increase in hif1a gene expression in EE under hypoxic conditions 
compared to the control (Figs. 3, 5) confirms its role as a key mediator of 
the hypoxic response. This contrast underscores the dual role of hif1a 
during early embryogenesis (EE), which is to support normal develop
ment under baseline hypoxia, and facilitate physiological adjustments 
under environmental stress. Increased hif1a expression in hypoxia 
exposed EE suggests the embryos were well-adapted to low-oxygen en
vironments. This aligns with the work of Rytkönen et al. (2012), who 
reported that in elasmobranchs, repeated or prolonged hypoxia in
creases hif mRNA levels, most likely to compensate for degradation of 
HIF proteins during extended periods of hypoxia. The variation in hif1a 
is related to the developmental phase of tissues or organs (Giaccia et al., 
2004), suggesting it is influenced by the developmental stage of the 
organism. However, under hypoxic stress conditions, such as those 
experienced by LE in our study, the typical hif1a developmental pattern 
was disrupted (Figs. 3, 5). Specifically, LE exposed to hypoxia did not 
respond in the same way as EE and showed no significant differences in 
hif1a levels compared to the control group. This indicates that LE did not 
exhibit the expected protective response to the hypoxic conditions 
(Fig. 3). Furthermore, hif1a expression was lower in hypoxic LE 
compared to EE. The absence of this protective mechanism to hypoxia 
may explain the compromised LE survival under these conditions. 
Hypoxia-inducible factors are essential for fetal development and sur
vival in mammals (Weidemann and Johnson, 2008), and the hypoxia 
signalling pathway is also established in early embryogenesis in zebra
fish (Kajimura et al., 2006). Hif1a is suggested to regulate the activation 
of downstream genes (Lee and Tsai, 2017), and the PCA analysis (Fig. 4) 
revealed a positive correlation between hif1a and: i) some endocrine 
genes – tpo, pomc, and ghr – suggesting that hypoxia-related endocrine 
modulation may occur, possibly through thyroid and stress axis path
ways; ii) all three iron metabolism genes, suggesting that hypoxia 
exposure is associated with altered iron metabolism, and may be 
essential to reallocate iron to essential pathways under limited oxygen; 
iii) most of the immune genes analysed – perf1, irf2, lys, nfkrf, and tnfr – 
which may support the notion of hypoxia-induced immune modulation. 
EE had increased expression levels of perforin 1 (perf1) in the head 

region, suggestive of enhanced innate immunity and improved effi
ciency of pathogen elimination (Tamura et al., 2008; Xu et al., 2021). In 
contrast, under hypoxia, LE decreased perf1 gene expression compared 
to EE (Figs. 3, 5), suggesting reduced immune capacity, although LE may 
become more prone to infections due to increased exposure to seawater 
as the slits open. The expression level of the tumor necrosis factor re
ceptor SF1A associated via death domain (tnfr) was downregulated and 
independent of the developmental stage (Fig. 5, S3). When inflamma
tory cytokines, such as tumor necrosis factor a (TNF-α), increase, the 
downstream effect is often an increase in the transcription of hif1a 
(Tamamouna and Pitsouli, 2018). Our results in developing sharks 
suggest the inverse process, as observed in LE exposed to hypoxia 
(Fig. 5). This may represent an immunological response to hypoxic stress 
(Yada and Tort, 2016) and may be a physiological trade-off (Sheldon 
and Verhulst, 1996).

Hypoxic LE had decreased expression levels of melanotransferrin 
(meltf) and ferritin heavy chain (fer) compared to hypoxic EE (Figs. 3, 5). 
The downregulation of meltf and fer – two of the three genes related to 
iron transport and storage – may suggest that these sharks’ LE endured 
impairments in iron homeostasis. Ferritin has a major role in iron 
metabolism, and under conditions of iron deprivation (possibly caused 
by meltf decrease in hypoxic LE), its synthesis is repressed (Neves et al., 
2009). In addition to the availability of oxygen, ferrous iron also regu
lates the HIF pathway (Giaccia et al., 2004). The modification in iron 
metabolism implied by the gene expression results in LE under hypoxia, 
may have compromised the activation of the HIF protective pathway. 
The results obtained for genes related to iron metabolism are coherent 
with other studies showing that hypoxia stress causes dysfunction in iron 
metabolism (Duarte et al., 2021). These two mechanisms highlight a 
biologically intricate feedback loop. Iron homeostasis is crucial for 
processes within the cell, including oxygen carrying, oxygen storage, 
energy production, or cellular metabolism, as well as for immune acti
vation (Cronin et al., 2019). Furthermore, in hypoxic stress, iron ho
meostasis is fundamental to prevent cellular redox homeostasis 
impairment and for effective erythropoiesis during early vertebrate 
embryonic development (Hu et al., 2022; Zhang and Hamza, 2019). The 
possible compromised iron transport and storage may have exacerbated 
the effects of low oxygen and contributed to developmental impairments 
in LE. This is particularly important because iron metabolism plays a 
crucial role in DNA synthesis, cell division and growth, all of which are 
essential for normal embryonic development.

The downregulation of the innate elements perf1 and tnfr and im
pairments in iron metabolism mechanisms (decreased meltf and fer) 
could have contributed to the mortality of LE under hypoxia. In fact, it is 
well described that low dissolved oxygen, or hypoxia, can negatively 
affect fish behavior, physiology, immunology, and growth (Abdel- 
Tawwab et al., 2019; Tamamouna and Pitsouli, 2018).

On the other hand, EE significantly increased the expression level of 
hif1a, which aligns with previous research that highlighted the critical 
role of hif1a in regulating hypoxia-induced genes responsible for innate 
immunity (Colgan et al., 2020; Lee and Tsai, 2017) and endocrine organ 
development (Wu et al., 2003), aiding in EE survival.

The significant differences observed in hypoxic head tissues (Fig. 3), 
contrary to hypoxic trunk tissues (Fig. S2), highlight the need to 
concentrate the analysis on specific tissues rather than on pooled tissues 
that may be a confounding factor and mark the organism’s response to 
hypoxia. In the head, tissues such as the gills are in continuous direct 
contact with seawater and are the first tissue to experience hypoxia and 
may develop inflammation or systemic infections (Koppang et al., 2015; 
Li et al., 2022). Additionally, two primary lymphoid organs – the thymus 
and the Leydig organ – and the kidney are found in the anterior (head) 
region of S. canicula (Lloyd-Evans, 1993). This can support the increased 
expression level of perf1 in the head samples. In contrast, the primary 
lymphoid organ – the epigonal organ – the spleen – a secondary 
lymphoid organ – and gut-associated lymphoid tissue (GALT) are 
located in the trunk (Lloyd-Evans, 1993; Rumfelt et al., 2002). However, 
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the epigonal organ and GALT do not appear until the pre-hatching stage 
(LE), and the spleen becomes organised into red and white pulp only in 
LE (Lloyd-Evans, 1993). This means that lymphoid tissues were negli
gible in trunk samples of EE, and therefore, the lack of responsive gene 
expression observed in the immune-related genes (Fig. S2).

These adaptive responses of shark embryos to hypoxic conditions 
may arise from either developmental plasticity or selection (Jonsson 
et al., 2022; Tobi et al., 2018). However, these responses are associated 
with long-term physiological changes in offspring. While plasticity may 
help offspring to better cope with extreme environmental events in later 
stages, selection may lead to diminished health in adults (Jonsson et al., 
2022; Tobi et al., 2018). Thus, distinguishing between genetic adapta
tions and phenotypic plasticity under environmental influences war
rants further investigation.

5. Conclusion

The activation of the HIF pathway in EE, which did not suffer any 
mortality under hypoxia, suggests that this pathway was essential in 
their survival. In contrast, some LE of S. canicula were resilient and 
modified pathways to cope with the loss of oxygen. However, a survival 
rate of 69 % may indicate there is a threshold beyond which the animals 
cannot cope with hypoxia stress. The energetic trade-offs faced by shark 
LE in response to hypoxia suggests they must allocate energy towards 
essential physiological processes while managing the constraints 
imposed by reduced oxygen availability, while these older embryos face 
an increase in oxygen demand due to their increase in tissue mass (Musa 
et al., 2020; Rodda and Seymour, 2008). The apparent lack of an 
effective protective response to hypoxia in LE – decreased hif1a 
expression – may centre on these energetic trade-offs and may have 
resulted in the reduced survival of these embryos. This may have been 
compounded by impaired iron homeostasis (implied by decreased meltf 
and fer gene expression) and the effort to maintain growth similar to that 
of control LE, resulting in higher mortality under hypoxia. Our study 
underscored the balance that shark LE must strike between immediate 
survival and long-term developmental success in low-oxygen environ
ments. In further studies, an increased number of animals might lead to a 
more homogenous response, reducing individual variability present in 
the recorded physiological responses. This would improve study power 
and practical significance, while minimising type II errors, potentially 
revealing additional response mechanisms. The identification of bio
logical patterns and underlying pathways is essential for understanding 
and predicting ecological processes, including climate change effects 
(Clarke, 2017; Dahlke et al., 2020). Because hypoxia limits energy 
acquisition, exposure to additional stressors may push small-spotted 
catsharks beyond the “tipping point” of the adaptive responses, exac
erbating the effects of co-occurring stressors that increase energy de
mands (Diaz et al., 2019), and enhancing the negative impact on 
survival. Thus, the selective responses and decreased survival of small- 
spotted catshark embryos can potentially lead to population decline, 
threaten this species’ population dynamics, impair its ecological role as 
a mesopredator, and disrupt ecosystem balance in temperate regions. 
Future studies should evaluate other signalling pathways, such as 
AMPK, MAPK, and IGF/PI3K/Akt, that regulate oxygen-sensitive tran
scription (Zhu et al., 2013). Analysing enzymes involved in glycolysis 
would also be essential due to their role in hypoxia adaptation. Lastly, 
further studies using transcriptomic or proteomic sequencing may reveal 
additional mechanisms involved in the response of developing sharks to 
hypoxia.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cbpa.2025.111904.
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