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Abstract divers showed statistically significant (p < 10-6) 
higher EO plasma concentrations compared to 

Endogenous ouabain (EO) is a steroid hormone healthy subjects without any diving experience 
secreted by the adrenal glands, usually associated or experience in other sports activities involving 
with adverse cardiovascular effects. However, breath-holding.
recent studies have highlighted its possible role In dolphins, EO plasma concentrations were posi-
in blood pressure control and in cardio-renal tively correlated to age, total length, and weight (p 
damage, and it seems to be involved in the adap- < 0.05). In loggerhead sea turtles, EO plasma con-
tive response to hypoxia. The aim of this study is centrations were negatively correlated to total length 
to detect the EO in human and animal models of and weight (p < 0.05). In pinnipeds, correlation 
hypoxia. We collected blood samples from seven analysis was not performed due to the small number 
competitive elite apnea divers, 11 noncompetitive of animals. Herein, we demonstrate, for the first 
elite apnea divers, and 26 healthy control sub- time, that different taxa, phylogenetically distant 
jects. Animal blood samples were collected from from each other and which perform apneas without 
16 common bottlenose dolphins (Tursiops trun- reporting neurological damages, express EO.
catus), two phocids and two otariids kept under Our findings, although preliminary, are in line 
human care, and 11 wild loggerhead sea turtles with the recently emerging hypothesis on a possi-
(Caretta caretta) hosted in two rescue centers. ble role of EO in the adaptive response to hypoxia 
We measured EO plasma concentrations with a and represent a helpful hint for future investiga-
Scintillation Proximity Assay. tions aimed to identify novel molecules useful to 

In elite apnea divers and healthy control sub- treat very disabling pathological conditions such 
jects, EO plasma concentrations were positively as idiopathic pulmonary arterial hypertension or 
correlated to weight (p < 0.05). Elite apnea obstructive sleep apnea.
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Key Words: hypoxia, breath-holding, divers, to hypoxia-inducible factors (HIFs) that are 
ouabain, Tursiops truncatus, pinnipeds, Caretta transcriptional activators functioning as master 
caretta regulators of oxygen homeostasis in all meta-

zoan species (Loenarz et al., 2011), or to physi-
Introduction ological adaptive responses to low oxygen avail-

ability (LaManna et al., 1992; Boero et al., 1999; 
Reduced oxygen supply (hypoxia) critically Lindholm et al., 1999; Hochachka, 2000; Auer & 
impacts the mammalian brain and causes serious Sutherland, 2002; Ferretti & Costa, 2003).
illness or death in millions of humans each year by Among these protective factors, there appears to 
producing irreversible and fatal damage to neuro- be the endogenous ouabain (EO), a stress-related 
nal cells (Horner & Gage, 2000). Hypoxia is the hormone secreted by the adrenal glands (Schoner 
main stress factor for the human brain, which is the & Scheiner-Bobis, 2007). EO is a cardiac glyco-
body’s most demanding organ in terms of oxygen side structurally similar to digoxin (El-Masri et al., 
consumption. The human brain represents only 2% 2002). Newborns affected by transient tachypnea 
of total body weight but requires around 20% of and patients with obstructive sleep apnea have a 
the body’s oxygen (Sokoloff, 1976). Contrary to digoxin-like immunoreactive substance (Paci et al., 
most terrestrial mammals, diving mammals and 2000; Yalaz et al., 2013). It increases the cardiac 
reptiles (e.g., cetaceans, seals, sea turtles) are rou- contraction (Eisner & Smith, 1992) and is associ-
tinely exposed to severe hypoxia when submerged ated, in humans, with adverse cardiovascular out-
(Qvist et al., 1986; Hindell et al., 1992; Costa et al., comes (Bignami et al., 2013). EO is also a specific 
2004; López-Mendilaharsu et al., 2009; Meir & inhibitor of the Na+/K+-ATPase pump (Pierre et al., 
Ponganis, 2009; Schorr et al., 2014). They over- 2007), which ac tachypnea counts for 50 to 80% 
come this critical condition without any obvious of neuronal energy consumption (Falkowska et al., 
damage and even show remarkable diving capaci- 2015). A role in preserving from adverse develop-
ties during foraging (Butler & Jones, 1997; Butler, mental programming (Li et al., 2010) and in protect-
2004; Ramirez et al., 2007; Ponganis, 2015). ing the brain from traumatic injury (Dvela-Levitt 

Many physiological adaptations to optimize et al., 2014) has been already described for this hor-
oxygen supply and metabolic demands in rel- mone. The binding of ouabain to Na+/K+-ATPase at 
evant tissues of diving mammals have been nanomolar concentrations also induces the activa-
reported (Butler, 2004; Ramirez et al., 2007; tion of mitogen-activated protein kinases (MAPK) 
Williams et al., 2007; Wyneken, 2007; Davenport and the Akt (protein kinase B) signaling cascades 
et al., 2009; Mitz et al., 2009; Ponganis, 2015), (Li et al., 2010), thus stimulating the viability and 
but abilities vary greatly in different species. In proliferation of various cell types, including neuro-
general, seals show better diving performances nal cells. EO has also been shown to be a valuable 
than dolphins among marine mammals (Schreer biomarker of heart failure (Simonini et al., 2015) 
et al., 2001; Ponganis, 2011), whereas sea turtles in patients who underwent elective cardiac surgery 
are able to hold their breath for several hours or with acute kidney injury (Bignami et al., 2013; 
while continuing to maintain intact brain func- Simonini et al., 2014). Recent studies, both in vivo 
tion (Pritchard, 1971; Rebel, 1974). Sea turtles and in vitro, have highlighted a possible role for EO 
are able to maintain brain ATP levels during in both acute and chronic kidney damage (Iatrino 
long apneas by suppressing the transmembrane et al., 2018).
ion transport through the Na+/K+-ATPase pumps, This hormone has been isolated not only from 
while depletion of ATP occurs in mammals human plasma (Ferrandi et al., 1993; Komiyama 
within a few minutes (Lutz et al., 1984; Lutz & et al., 2001) and adrenal glands (El-Masri et al., 
Bentley, 1985; Hochachka, 1986; Lutcavage & 2002), but also from rat adrenomedullary cells 
Lutz, 1997). (Di Bartolo et al., 1995) and biological fluids 

In humans, instead, both acute and chronic (Tymiak et al., 1993; Schneider et al., 1998), and 
exposure to hypoxia induce a range of cognitive from bovine adrenal glands (Kawamura et al., 
and behavioral deficiencies (Rourke & Adams, 1999) and hypothalamus (Irwin et al., 1991; 
1996; Caine & Watson, 2000) with a few excep- Graur & Higgins, 1994). As Bovidae belong to 
tions due to either physiological situations (e.g., Artiodactyla, and the intra-artiodactyl affinity of 
living at high altitude), clinical conditions (e.g., Cetacea has been accepted since the early 1990s 
obstructive sleep apnea, pulmonary arterial (Laredo et al., 1994; Antolovic et al., 2000; Asher 
hypertension), or sport activities (e.g., moun- & Helgen, 2010), in this study, we investigated, 
taineering, apnea diving). The preservation of for the first time, whether EO is detectable in the 
cognitive functions in the above-mentioned con- plasma of common bottlenose dolphins (Tursiops 
ditions might be attributed either to neuropro- truncatus; Linnaeus, 1758). In addition, we inves-
tective factors (Ridgway & McFarland, 2006), tigated seals, sea lions, and sea turtles as they are 
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greater diving species than bottlenose dolphins. 
Last, we enrolled elite apnea divers to apply a 
translational approach from animal models of 
hypoxia to diving humans and back.

Methods

Human Study
Forty-four Caucasian males were involved in this 
study. For each subject, we collected age, height, 
weight, and endogenous ouabain plasma concentra-
tion. Among the participants, 18 were elite apnea 
divers—seven competitive divers, including two 
world-renowned record-holders, and 11 noncom-
petitive divers (Table 1). The eligibility of elite 
apnea divers was assessed by a specific medical 
questionnaire for selecting the best performers (this 
questionnaire is available in the “Supplementary 
Material” section of the Aquatic Mammals website: 

https://www.aquaticmammalsjournal.org/index. 
php?option=com_content&view=article&id=10& 
Itemid=147). Among the competitive divers, five 
belonged to the Italian National Apnea Team of 
the Federazione Italiana Pesca Sportiva e Attività 
Subacquee (Italian Federation of Sports Fishing 
and Underwater Activities). They represented 
55.55% of the total competitive divers potentially 
available from the Apnea Team, while 11 noncom-
petitive divers belonged to three Italian associa-
tions (Apnea Free, Water Instinct, and Free Divers 
Italia) based in Rome. They had never participated 
in international games, but their performances were 
comparable to those of the Apnea Team divers. 
Indeed, they were all able to perform a static breath-
hold higher than 4 min, a constant weight breath-
hold of 30 m, and a dynamic breath-hold greater 
than 75 m. In addition, Apnea Team divers and 
two world-renowned record-holders showed even 

Table 1. Variables collected in competitive elite apnea divers (EAD), noncompetitive elite apnea divers (EADn), and control 
subjects (CTRL). H = height, W = weight, EO = endogenous ouabain, and pM = picomolar.

n Code
Age
(y)

H
(m)

W
(kg)

EO
(pM) n Code

Age
(y)

H
(m)

W
(kg)

EO
(pM)

1 EAD01 49 1.92 88 275 1 CTRL1828 51 1.82 77 233
2 EAD02 49 1.83 79 192 2 CTRL1840 35 1.93 102 174
3 EAD03 39 1.73 63 213 3 CTRL1942 26 1.75 80 299
4 EAD04 43 1.78 74 147 4 CTRL3087 42 1.75 81 91
5 EAD05 39 1.78 72 165 5 CTRL3103 48 1.70 69 85
6 EAD06 44 1.75 80 185 6 CTRL3105 45 1.75 80 81
7 EAD07 46 1.77 76 168 7 CTRL3109 58 1.68 73 123
8 EADn11 41 1.80 77 194 8 CTRL3111 49 1.78 82 202
9 EADn12 41 1.78 68 228 9 CTRL3112 28 1.75 80 73
10 EADn13 41 1.70 55 181 10 CTRL3151 48 1.83 81 207
11 EADn14 32 1.90 93 245 11 CTRL3152 29 1.74 71 235
12 EADn15 58 1.80 76 234 12 CTRL3176 41 1.76 80 113
13 EADn16 33 1.70 67 264 13 CTRL3191 42 1.68 73 148
14 EADn17 41 1.74 80 245 14 CTRL3201 40 1.84 92 129
15 EADn18 32 1.80 73 233 15 CTRL3210 40 1.75 92 179
16 EADn19 42 1.74 70 232 16 CTRL3218 36 1.77 75 226
17 EADn20 46 1.84 94 245 17 CTRL3281 48 1.79 70 87
18 EADn21 47 1.80 75 241 18 CTRL3552 34 1.78 76 68

19 CTRL3585 50 1.82 82 185
20 CTRL3589 56 1.78 93 132
21 CTRL3659 46 1.78 78 210
22 CTRL3666 34 1.74 74 215
23 CTRL3670 52 1.71 63 180
24 CTRL3707 54 1.91 96 237
25 CTRL3709 47 1.80 80 185
26 CTRL3753 32 1.75 85 198

https://www.aquaticmammalsjournal.org/index.php?option=com_content&view=article&id=10&Itemid=147
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greater performances, including static breath-hold 
> 7 min, 85 to 100 m constant weight breath-hold,
and a dynamic breath-hold of > 230 m. Finally, 26
healthy control subjects were recruited from the
clinic database of the Genomics of Renal Diseases
and Hypertension Laboratory of University “Vita-
Salute” San Raffaele of Milan, Italy. They were
matched to apnea divers by gender, age, and eth-
nicity. Other inclusion criteria were as follows:
no diving experience or participation in any other
sports activity involving breath-holding, nonsmok-
ers, nonsnorers, non-obstructive sleep apnea suffer-
ers, and not being under specific therapies. Human
study was approved by the Ethics Committee of
Sapienza University (Policlinico Umberto I) in
Rome, Italy (Ref. No. 4468; Protocol No. 303/17).
Each participant provided written informed con-
sent before being enrolled in the study. This study
adhered to the Declaration of Helsinki and the
International Conference on Harmonisation Good
Clinical Practice (ICH GCP) guidelines and was
conducted in compliance with the protocol, data
protection regulations, and all other regulatory
requirements, as appropriate.

Animal Study
Thirty-one marine animals were involved in the 
study (Table 2). Specifically, we sampled 16 com-
mon bottlenose dolphins (hereafter “dolphins”); one 
common seal (Phoca vitulina; Linnaeus, 1758), one 
gray seal (Halichoerus grypus; Fabricius, 1791), 
one South African fur seal (Arctocephalus pusillus 
pusillus; Schreber, 1775), and one California sea 
lion (Zalophus californianus; Lesson, 1828) (here-
after “pinnipeds”); and 11 loggerhead sea turtles 
(Caretta caretta; Linnaeus, 1758) (hereafter “sea 
turtles”). Marine mammals were born under human 
care or kept for many years in three Italian marine 
mammal facilities (Zoomarine Italia, Oltremare, 
and Acquario di Genova). They were trained to par-
ticipate voluntarily in blood sampling. The dolphins 
involved in this study represented over 64% of those 

potentially available and trained in voluntary blood 
sampling in the above facilities (Ceta-Base, https://
www.cetabase.org) when the study was conducted. 
The sea turtles were housed in two Italian sea turtle 
rescue centers (Rescue Center “Luigi Cagnolaro” 
of Centro Studi Cetacei Onlus [nonprofit associa-
tion; the first Italian National Stranding Network] 
in Pescara, Italy, and Rescue Center of Zoomarine 
Trust Onlus in Pomezia-Rome, Italy). All sea turtles 
were incidentally caught in fishing gear (bycatch). 
Nine were rescued in the Adriatic Sea, and two 
were rescued in the Tyrrhenian Sea (GeoCetus, 
https://www.geocetus.it).

Only one blood sample was collected from each 
animal, from July 2016 to June 2017, by expert 
veterinarians during regular health monitoring of 
the animals. No sampling was performed exclu-
sively for the current study but was always part 
of a routine medical procedure required by the 
European/Italian laws and regulations (see below) 
aimed to guarantee the health and well-being of 
dolphins and sea turtles kept under human care.

As mentioned above, dolphins and pinni-
peds were born in a controlled environment or 
had been kept under human care for decades. 
They were trained to voluntarily undergo medi-
cal procedures (e.g., blood sampling, ultrasound 
examination), thus avoiding or minimizing stress 
responses to restraint. It follows that the study 
was conducted in the absence of stress for the ani-
mals as proved also by their blood concentration 
of cortisol noticeably testing below the stressed 
condition range of 1.25 to 2.5 µg/dl (Selye, 1976; 
Cavigelli & Chaudhry, 2012). In dolphins, blood 
samples were collected from a superficial vein of 
tail flukes, a ridge along the dorsal or ventral sur-
face (Pritchard et al., 1983; Geraci & Lounsbury, 
2005). Regarding the Otariidae family, blood was 
collected from the interdigital venous sinus; while 
in the Phocidae family, in addition to this site, 
blood could be taken from the extradural vein of 
the epidural sinus (Geraci & Lounsbury, 2005). In 

Table 2. Animal species sampled for the study. * = all dolphins were captive born with the exception of two males and three 
females that were wild born but hosted in facilities for many years, and ** = rescued animals. C = captive, W = wild, and sex 
ratio = male.female.indeterminate.

Family Species n Birth type Sex ratio

Delphinidae Common bottlenose dolphin (Tursiops truncatus) 16* C/W 8.8.0

Phocidae
Common seal (Phoca vitulina)  1

C

0.1.0
Gray seal (Halichoerus grypus)  1 1.0.0

Otariidae
California sea lion (Zalophus californianus)  1 1.0.0

South African fur seal (Arctocephalus pusillus pusillus)  1 1.0.0
Chelonidae Loggerhead sea turtle (Caretta caretta)     11** W 2.7.2

31 13.16.2

https://www.geocetus.it


186 Manfrini et al.

sea turtles, blood samples were collected from the 
dorsal cervical sinus under manual restraint of the 
animals (Owens & Ruiz, 1980).

The following variables were measured: gender, 
age or physiological phase (juvenile, immature, 
adult), total length, and weight, as well as curved 
carapace lengths notch-to-tip (CCLn-t) in the sea 
turtles only (Bolten, 1999). The gender of sea tur-
tles was determined based on sexual dimorphism of 
tail morphology (Casale et al., 2009); their real age 
was unknown.

The animals were kept under human care by 
observing the following guidelines: European Union 
(EU) Directive for Zoo Animals (Council Directive 
1999/22/EU) and the Italian Zoo Regulation 
(Legislative Decree No. 73/2005); and following 
modifications of 28 May 2015 specifically related to 
Tursiops truncatus captive management, the Italian 
regulation for the keeping of common bottlenose 
dolphins in captivity (D.M. 469/2001), the European 
Association for Aquatic Mammals (EAAM) stan-
dards for facilities housing common bottlenose 
dolphins (www.eaam.org/housing_standards), the 
Italian guidelines for the management of stranded 
and rescued sea turtles (published by the Italian 
National Institute for Environmental Protection 
and Research [ISPRA] and adopted by the Ministry 
of Environment on a national level), and the 
Convention on International Trade in Endangered 
Species of Wild Fauna and Flora (CITES) regula-
tions. The legal status of the animals was confirmed 
by CITES.

All protocols were approved by Stazione 
Zoologica “Anton Dohrn” of Naples (NA), 
Italy (ethical clearance by the Animal Welfare 
Committee, Protocol No. 3306/2020; Case 07/2020/
ec AWB-SZN of 22 June 2020). All methods were 
carried out in accordance with relevant guidelines 
and regulations, and the study was carried out in 
compliance with the ARRIVE guidelines (https://
arriveguidelines.org).

Blood Sampling
Both in humans and animals, blood sampling was 
carried out between 0900 and 1200 h by collecting 
4 to 6 ml of venous blood into collection tubes con-
taining the anticoagulant ethylenediaminetetraace-
tic acid (EDTA). Plasma was separated by centrifu-
gation at 3,000 rpm for 15 min at room temperature 
and stored in cryovial at -80°C until use.

Endogenous Ouabain Quantification in Plasma
Plasma samples (2 ml) were incubated with metha-
nol (1:1 vol, Merck KGaA; Merck, Kenilworth, 
NJ, USA) overnight on a rotating shaker; they 
were then centrifuged, and the supernatants were 
dried out under vacuum (Savant™ SpeedVac™ 
Concentration System; Thermo Fisher, Waltham, 

MA, USA). Dried samples were resuspended in 
bidistilled water–0.025% TFA (trifluoroacetic acid; 
Thermo Fisher), centrifuged, and the supernatants 
were passed by vacuum over prewashed C18 Mega 
Bond Elut columns (Agilent Technologies, Santa 
Clara, CA, USA). EO was eluted by the columns 
with acetonitrile 25% (Merck KGaA), and the 
eluate was dried under vacuum, reconstituted with 
RIA buffer (1% bovine serum albumin, 0.1% thi-
merosal, 0.5M sodium phosphate; Sigma-Aldrich/
Merck; pH 7.4), and measured by a Scintillation 
Proximity Assay (SPA), using Yttrium Silicate (YSi) 
beads (Perkin Elmer, Hebron, KY, USA) conjugated 
with a secondary antibody. These beads contain an 
embedded scintillant that emits light when bounded 
with EO tritiated through the primary antibody. The 
advantages of this method are no separation steps 
and no use of liquid scintillant. Specifically, ouabain 
standard curve and plasma samples (50 μl) were 
incubated in a microplate with 50 μl of goat anti-
rabbit YSi beads diluted in RIA buffer (the solution 
has to be stirred during manipulation to maintain 
beads in suspension), 50 μl 3H-ouabain (2nM final 
concentration; Perkin Elmer), and 50 μl of a rabbit 
polyclonal antiouabain antiserum (1:2,000 final 
dilution; DBA Italia, Segrate, Italy). The microplate 
was shaken at 1,000 rpm on a horizontal shaker at 
4°C for 18 h. At the end of the incubation, the plate 
was counted on a Microbeta counter (Perkin Elmer) 
with the specific program for SPA beads, 1 min/well. 
EO plasma concentrations were calculated as per-
cent displacement of the control sample, which was 
carried out in the absence of ouabain and EO. EO 
plasma concentrations were expressed in picomolar 
(pM) ouabain equivalent derived from the ouabain 
standard curve. Two samples derived from a pool of 
plasma were added to each assay as quality control 
(intra and inter-assay variability < 10%).

Statistical Analysis
R, Version 3.2.1 (R Core Team, 2014; https://
www.r-project.org), and code programmed to 
specific analyses and methodological approaches 
were used for data analysis. Descriptive data were 
reported in jitter plots that show the median (thick 
line), the limits of the 95% confidence interval 
(CI; thin line), the minimum and maximum values 
(short horizontal lines), and each individual value 
(small spots). Deviation from a normal data dis-
tribution of each variable was assessed by the 
Shapiro-Wilk test of normality. Each one of the 
variables collected both in humans and animals 
showed a normal distribution (p < 0.05). Using 
the bivariate analysis, all data were studied look-
ing for linear correlations between EO values and 
the other variables. In the case of high data disper-
sion, comparisons were carried out with the data 
divided into classes and with the analysis based 
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Table 3. Descriptive data concerning the variables collected in elite apnea divers (EAD), noncompetitive elite apnea divers 
(EADn), and control subjects (CTRL). H = height, W = weight, EO = endogenous ouabain, pM = picomolar, and SD = 
standard deviation.

EAD (n = 7) EADn (n = 11)

Age  
(y)

H  
(cm)

W  
(kg)

EO  
(pM)

Age 
 (y)

H  
(cm)

W  
(kg)

EO  
(pM)

Min 39.00 173.00 63.00 147.00 32.00 170.00 55.00 181.00
Max 49.00 192.00 88.00 275.00 58.00 190.00 94.00 264.00
Mean 44.10 179.40 76.00 192.00 41.20 178.00 75.20 231.00
SD 4.18 6.34 7.72 42.24 7.59 5.96 11.21 23.80

CTRL (n = 26)

Min 26.00 168.00 69.00 73.00
Max 58.00 193.00 102.00 299.00
Mean 42.70 177.00 80.00 165.20
SD 8.78 5.96 8.96 62.11

on the aggregate corresponding to class means. 
The degree of correlation was assessed by both 
Pearson’s coefficient (ρ) and the coefficient per 
ranks of Spearman (ρs) accordingly.

In human and animal subjects, data were studied 
looking for linear correlations between EO plasma 
concentrations and biometric data such as age, total 
length or height, and weight. As already mentioned, 
in the case of high data dispersion, comparisons 
were carried out with the data divided into classes: 
six weight classes (e.g., 124.5 to 145.5 kg, 145.6 to 
166.6 kg) for dolphins, four classes of height (e.g., 
170 to 174 cm, 175 to 179 cm; Istituto Nazionale 
di Statistica [Italian National Institute of Statistics], 
https://www.istat.it/en), and five (e.g., 55 to 63 kg, 
64 to 72 kg) and four (e.g., 63 to 72 kg, 73 to 82 kg) 
classes of weight for elite apnea divers and controls, 
respectively.

Comparisons of EO plasma concentrations 
between groups were performed by the analysis of 
covariance (ANCOVA) to correct for confounding 
biometric data according to the previously per-
formed linear correlation analyses. Moreover, con-
cerning diving animals, as the variable gender was 
not equally distributed within and among marine 
animal categories, it was used as a covariate in the 
ANCOVA. Post hoc analyses were corrected by 
Bonferroni method to contain type I error.

Results

Human Study
The biometric variables and endogenous oua-
bain plasma concentration collected for each 
subject are reported in Table 1, while descriptive 
data (e.g., min, max, mean, standard deviation) 
concerning all variables are reported in Table 3. 

Figure 1. Jitter plots of endogenous ouabain (EO) plasma 
concentrations in 26 control subjects (CTRL) and 18 
elite apnea divers (competitive and noncompetitive elite 
apnea divers grouped together [total], EADtot). EO is 
significantly higher in EADtot (*p = 0.034) as compared 
to CTRL. Bars represent means ± standard deviation (SD); 
pM = picomolar.

Competitive and noncompetitive elite apnea 
divers were grouped together as they did not differ 
in EO plasma concentrations and biometric vari-
ables (p > 0.05). In elite apnea divers, EO plasma 
concentrations were positively correlated to 
weight (p < 0.05) as well as in control subjects (ρ 
= 0.96, p < 0.05). Furthermore, in controls, a trend 
of correlation with height (ρ = 0.82, p = 0.09) was 
observed. Therefore, all the following analyses 
were corrected by these two variables.

The comparison of EO plasma concentrations 
between controls and elite apnea divers showed a 
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Table 4. Variables collected in common bottlenose dolphins (DOL), common seal (CMS), gray seal (GRS), South African 
fur seal (SFS), California sea lion (CSL), and loggerhead sea turtles (LST). TL = total length, W = weight, CCLn-t = curved 
carapace length notch‑to‑tip, EO = endogenous ouabain, pM = picomolar, M = male, F = female, I = indeterminate, and NA = 
data not available.

  n Code Sex
Age  
(y)

TL  
(m)

W  
(kg)

CCLn-t  
(cm)

EO  
(pM)

  1 DOL01 M 24 262.0 251.3 -- 150
  2 DOL02 M 18 239.0 174.4 -- 103
  3 DOL03 M 17 254.0 202.6 -- 80
  4 DOL04 M   6 229.0 152.4 -- 60
  5 DOL05 F 14 234.0 150.7 -- 117
  6 DOL06 F 14 238.0 222.1 -- 52
  7 DOL07 F   4 210.0 124.5 -- 58
  8 DOL08 M 24 247.0 200.0 -- 208
  9 DOL09 M 31 255.0 204.0 -- 184
10 DOL10 F 38 259.0 214.0 -- 140
11 DOL11 F 53 252.0 220.0 -- 171
12 DOL12 F 20 283.0 198.0 -- 204
13 DOL13 M 34 NA 215.0 -- 269
14 DOL14 M 20 NA 225.0 -- 253
15 DOL15 F 35 NA 214.0 -- 155
16 DOL16 F 16 NA 158.0 -- 169
17 CMS01 F 23 79.5 NA -- 174
18 GRS01 M 23 202.4 215.0 -- 144
19 SFS01 M 18 96.5 165.0 -- 183
20 CSL01 M   6 121.2 NA -- 211
21 LST59 M -- 78 23.9 57.5 137
22 LST81 F -- 85 34.0 67.0 66
23 LST84 F -- 93 33.8 66.0 98
24 LST85 F -- 86 29.1 61.5 34
25 LST86 F -- 99 46.6 72.0 109
26 LST87 F -- 105 54.8 75.0 71
27 LST88 M -- 83 31.7 66.0 94
28 LST89 F -- 92 42.6 71.0 87
29 LST91 I -- 81 27.4 61.5 110
30 LST01 F -- 65 16.2 52.5 178
31 LST02 I -- 50.5 8.6 41.5 164

statistically significant category effect (ANCOVA: EO plasma concentrations in dolphins were pos-
F(1,48) = 22.770, p < 10-6; Figure 1). Post hoc itively correlated to age (ρs = 0.63, p < 0.05), total 
analysis revealed that EO plasma concentrations length (ρ  = 0.66, p < 0.05), and weight (ρ = 0.84, p 
were significantly higher in elite apnea divers (  = < 0.05). Therefore, all the following analyses were

s

p  
0.034) as compared to controls. corrected by these three variables. EO plasma con-

centrations in dolphins did not differ between gen-
Animal Study ders (F(1,11) = 0.597, p = 0.465); and in phocids 
The biometric variables and EO plasma concen- (true seals) and otariids (sea lions and fur seals), 
tration collected for each specimen are reported correlation analysis was not performed due to the 
in Table 4, while descriptive data concerning all small number of animals belonging to the four spe-
variables are reported in Table 5. cies (n = 1 for each).
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Table 5. Descriptive data concerning the variables collected in common bottlenose dolphins (DOLs) and loggerhead sea turtles 
(LSTs). In pinnipeds, correlation analysis was not performed due to the small number of animals. TL = total length, W = weight, 
CCLn-t = curved carapace length notch‑to‑tip, EO = endogenous ouabain, pM = picomolar, and SD = standard deviation. 

Age  
(y)

TL 
(cm)

W 
(kg)

CCLn-t 
(cm)

EO 
(pM)

DOLs (n = 16)

Min 4.0 210.0 124.5 -- 52.0

Max 53 283.0 251.3 -- 269.0

Mean 23.0 246.8 195.4 -- 148.3

SD 12.6 18.6 33.9 -- 67.0

LSTs (n = 11)

Min 50.5 8.6 41.5 34.0

Max 105.0 54.8 75.0 178.0

Mean 83.4 31.7 62.9 104.3

SD 15.3 13.2 9.6 42.5

Figure 2. Jitter plots of EO plasma concentrations in 16 
common bottlenose dolphins (DOLs); one common seal, 
one gray seal, one California sea lion, and one South 
African fur seal (PINs); and 11 loggerhead sea turtles 
(LSTs). Bars represent means ± standard deviation (SD); 
pM = picomolar.

For sea turtles, only total length was used for 
the analysis because this variable and CCLn-t were 
highly correlated (ρ = 0.97). In these reptiles, EO 
plasma concentrations were negatively correlated 
to total length (ρs = -0.65, p < 0.05) and weight 
(ρs = -0.66, p < 0.05). Therefore, all the following 
analyses were corrected by these two variables. 
EO plasma concentrations in sea turtles did not 
differ between genders (F(1,8) = 0.044, p = 0.843), 
and the comparison of EO plasma concentrations 
between dolphins and sea turtles did not show any 
significant difference (p > 0.05; Figure 2).

Discussion

For the first time, endogenous ouabain plasma 
concentrations have been measured in differ-
ent models of hypoxia: one human (elite apnea 
divers) and six animals (five marine mammal and 
one marine reptile species).

Concerning elite apnea divers, we enrolled 18 
divers which represented a very good size for a 
particular sample like this. They were healthy 
subjects trained in breath-holding who routinely 
engaged in diving practices and were able to 
perform remarkable high-diving/apneas. The 
interesting finding was that elite apnea divers 
showed statistically significant higher EO plasma 
concentrations as compared to healthy subjects 
without any diving experience or experience in 
other sports activities involving breath-holding. 
The increasing gradient of EO plasma concentra-
tions from control subjects to elite apnea divers 
could support the protective role of this glycoside, 
particularly cardio-protective, in the adaptive 
response to hypoxia.

In elite apnea divers and control subjects, EO 
was positively correlated to weight. Also, a trend 
of correlation with height was observed in the con-
trols. Ukkola et  al. (2001) observed correlations 
between cortisol, a steroid hormone as EO, and 
other similar variables (e.g., body mass index).

Regarding diving animals, this study dem-
onstrated for the first time that EO is expressed 
by different taxa, phylogenetically distant from 
each other, which normally perform long apneas 
in their natural habitats without reporting neuro-
logical damages. In dolphins and sea turtles, EO 
was correlated to total length and weight even if 
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in opposite directions: positive correlation in dol- by trained dolphins as studies of oxygen and 
phins and negative correlation in sea turtles. Also, other gas utilization dynamics were performed by 
EO plasma concentrations were not significantly the U.S. Navy in the past (Elsner et al., 1966). 
different between marine mammals, although Such an experimental setting could be done in 
higher concentrations were observed in pinnipeds those facilities where the animals could be trained 
as compared to dolphins (Figure 2). Although to stay on the pool bottom for a few minutes.
living in a controlled environment does not require Another option could be collecting blood 
long apneas to forage or escape from a predator, in samples from live wild cetaceans and pinni-
the wild, pinnipeds show better diving/apnea per- peds stranded along the Italian coast, but these 
formances than dolphins. Dolphins usually dive events are extremely rare, especially for pinni-
for about 1 min in shallow depths with a maxi- peds. The Mediterranean basin hosts only one 
mal depth of 390 m for up to 8 min (Ponganis, pinniped species, the Mediterranean monk seal 
2011), while pinnipeds typically dive for about (Monachus monachus; Hermann, 1779), which is 
4 min in shallow depths with the deepest dive the most endangered seal species (Karamanlidis 
to 268 to 500 m for up to 8 to 30 min depend- & Dendrinos, 2015). During the sampling/
ing on the species (Thompson & Fedak, 1993; data collection period, only one live stranded 
Gjertz et al., 2000; Schreer et al., 2001; Eguchi cetacean has been recorded in Italy (Istituto 
& Harvey, 2005; Moore et al., 2009). However, Zooprofilattico Sperimentale del Piemonte 
the low number of pinnipeds and only one blood Liguria e Valle d’Aosta–Centro di Referenza 
sample for each animal (dolphins and pinnipeds) Nazionale per le Indagini Diagnostiche sui 
did not allow the development of hypotheses on Mammiferi Marini Spiaggiati [IZSTO–C.Re.Di.
this difference. Ma.], 2016, 2017). Blood samples collected from 

In the case of wild sea turtles, it was not pos- stranded specimens may not be reliable as these 
sible to predict when they would be rescued, so animals are, in most cases, not healthy, stressed, 
11 specimens represent a significant number for or remain alive for only a few hours (Petrella 
the sampling/data collection period (July 2016 to et al., 2021). However, new experimental tech-
June 2017). These animals had lower EO plasma niques for investigating the unique complexity 
concentrations as compared to dolphins and pin- of biologic systems that results from the diver-
nipeds (Figure 2), even though they are known to sity of interactions and regulatory networks are 
spend most of their lives submerged except for now available. Indeed, it is possible nowadays to 
brief lapses of time (Pritchard, 1971; Lutcavage monitor thousands of molecules simultaneously 
& Lutz, 1997). However, the difference in EO and generate real-time pictures of any biologi-
plasma concentrations between sea turtles and cal system in any condition thanks to the deve-
marine mammals was not significant. In sea tur- lopment of the “omics” technologies (Mancia, 
tles, the role of EO might not be central for the 2018). 
adaptation to hypoxia, while other peculiar physi- For all mentioned reasons, our findings have 
ological adjustments not observed in the marine been reached by analyzing peculiar samples, both 
mammals might occur. For instance, sea turtles human and animal, which are not easy to collect 
can maintain inalterable brain ATP levels for and represent a useful hint for future investiga-
at least 2 h of total anoxia (Lutz et al., 1984), tions on (1) other human models of hypoxia (e.g., 
thanks to the suppression of the Na+/K+-ATPase free-diving fishermen, people living at very high 
pumps. Contrary to this, in mammals, depletion altitudes or living with pulmonary pathologies); 
of ATP occurs within a few minutes (Lutz & (2) the same species involved in this study but 
Bentley, 1985; Hochachka, 1986). As the abil- with a larger sample (captive cetaceans and pin-
ity to save ATP consumption plays a central role nipeds, rescued sea turtles); and (3) other animal 
in the brain’s adaptation to hypoxia, in dolphins models of hypoxia—for example, freshwater tor-
and pinnipeds, higher EO plasma concentrations toises or hippopotamus (Hippopotamus amphi-
might be explained by the fact that mitochon- bius)—to try to identify novel molecules useful to 
drial ATP consumption is reduced by EO via Na+/ treat very disabling pathological conditions such 
K+-ATPase pump inhibition. as idiopathic pulmonary arterial hypertension 

The low number of pinnipeds, the absence of or obstructive sleep apnea. Finally, these results 
a control group, and, in both human and animal might represent a valid preliminary indication for 
models, the lack of long-term monitoring (at approaching the biological mechanisms involved 
least 24 to 48 h) of the EO plasma concentrations in cell protection from the damage by hypoxia.
collected at different time points (T0, T1, . . . T
do not allow conclusions to be reached. Indeed, 

 n) 

variations of EO plasma concentrations might be 
examined using at-sea analyses following dives 
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