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ABSTRACT 19 
Endothelial function declines with aging and independently predicts future cardiovascular disease (CVD) 20 
events. Diving also impairs endothelial function in humans. Yet, dolphins, being long-lived mammals 21 
adapted to diving, undergo repetitive cycles of tissue hypoxia-reoxygenation and disturbed shear stress 22 
without manifesting any apparent detrimental effects, as CVD is essentially nonexistent in these 23 
animals. Thus, dolphins may be a unique model of healthy arterial aging and may provide insights into 24 
strategies for clinical medicine. Emerging evidence shows that the circulating milieu (bioactive factors in 25 
the blood) is at least partially responsible for transducing reductions in age-related endothelial function. 26 
To assess if dolphins have preserved endothelial function with aging due to a protected circulating 27 
milieu, we tested if the serum (pool of the circulating milieu) of bottlenose dolphins (Tursiops truncatus) 28 
induces the same arterial aging phenotype as the serum of age-equivalent humans. We incubated 29 
conduit arteries from young and old mice with dolphin and human serum and measured endothelial 30 
function ex vivo via endothelium-dependent dilation to acetylcholine. While young arteries incubated 31 
with serum from mid-life/older adult human serum had lower endothelial function, those incubated 32 
with dolphin serum consistently maintained high endothelial function regardless the age of the donor. 33 
Thus, studying the arterial health of dolphins could lead to potential novel therapeutic strategies to 34 
improve age-related endothelial dysfunction in humans.  35 
 36 
NEW & NOTEWORTHY  37 
We demonstrate that unlike serum of mid-life/older adult humans, age-matched dolphin serum elicits a 38 
higher endothelial function ex vivo in young mouse carotid arteries, suggesting that the circulating 39 
milieu of bottlenose dolphins may be geroprotective. We propose dolphins are a novel model to 40 
investigate potential novel therapeutic strategies to mitigate age-related endothelial dysfunction in 41 
humans.  42 
 43 
Keywords: cardiovascular disease; advancing age, endothelial function, cetaceans, diving.  44 
  45 
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INTRODUCTION 46 
Cardiovascular diseases (CVD) are the leading cause of death globally, and advancing age is the primary 47 
non-modifiable risk factor for CVD development (1). The world’s older population (≥65 yrs) is rapidly 48 
increasing with epidemiological models predicting a two-fold increase by 2050 (2). With an increase in 49 
the proportion of the world’s older population, CVD prevalence is also expected to increase (1). 50 
 51 
A key pathophysiological antecedent to CVD development is impaired conduit artery endothelium-52 
dependent dilation (EDD), i.e., endothelial dysfunction (1). Independent of age, a reduction in 53 
endothelial function as measured by flow-mediated dilatation (FMD) via ultrasonography in the brachial 54 
artery before and after the dive has been observed after a single SCUBA dive (3), as well as after 55 
repetitive SCUBA (4) and breath-hold dives (5). 56 
 57 
Cetaceans, an infraorder of marine mammals including dolphins and whales, have long lifespans (6) and 58 
have evolutionarily adapted to breath-hold diving for the purpose of feeding (7). To preserve oxygen 59 
during the dives, cetaceans leverage apnea, bradycardia, and peripheral vasoconstriction as a diving 60 
response (7). Peripheral vasoconstriction is key to reduce the oxygen consumption of tissues and organs 61 
that are less vital during the dive (i.e., kidneys) while maintaining normal blood pressure as well as blood 62 
flow to and oxygenation of essential organs (i.e., brain) (7). As a result, these animals experience 63 
repetitive cycles of peripheral tissue hypoxia-reoxygenation and disturbed shear stress that, in humans 64 
(8), induces endothelial dysfunction resulting in increased CVD risk. However, the prevalence of age-65 
related CVD in cetaceans is negligible (9). Given that cetaceans have long lifespans that are relatively 66 
free of age-related CVD and dive continuously throughout their lives, with no apparent damage to their 67 
arteries, we propose that cetaceans may be a unique model of healthy arterial aging, potentially 68 
providing insights into strategies for clinical medicine.  69 
 70 
Emerging evidence has shown that the circulating milieu (i.e., the bioactive factors in the blood) in 71 
humans changes with advancing age (10) and after diving (4, 11), and that it is at least partially 72 
responsible for transducing reductions in endothelial function with aging (12). As a first step towards 73 
testing our working hypothesis (i.e., cetaceans being a unique model of healthy arterial aging), we 74 
investigated if the circulating milieu of bottlenose dolphins (Tursiops truncatus), the most accessible and 75 
scientifically well-known cetacean species, preserves endothelial function of excised mouse carotid 76 
arteries, regardless of donor age. For this purpose, we incubated conduit (common carotid) arteries 77 
from young and old mice (i.e., a mammal species unrelated to dolphins and humans to prevent bias, and 78 
a well-established model of arterial aging (13) with dolphin and human serum of equivalent ages and 79 
measured endothelial function ex vivo via EDD to acetylcholine (ACh). Regardless the age of the mouse 80 
donor, exposure of carotid arteries to serum from mid-life/older (ML/O) adult humans resulted in lower 81 
endothelial function relative to exposure of carotid arteries to serum from age-equivalent dolphins. 82 

MATERIALS AND METHODS 83 

Mice Ethical Approval 84 
Mouse procedures were reviewed and approved by the Institutional Animal Care and Use Committee at 85 
the University of Colorado Boulder (Protocol No. 2618). All procedures adhered to the guidelines set 86 
forth by the Guide for the Care and Use of Laboratory Animals. 87 
Mice studies 88 
Young (3-5 months; n=20: 6 female/14 male) and old (25 months; n=18: 6 female/12 male) C57BL/6N 89 
mice were obtained from the National Institute on Aging colony (maintained by Charles River). Mice of 90 
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this strain and species are a well-established model of human arterial aging (13). Mice were allowed to 91 
acclimate to our conventional animal facilities for at least 2 weeks prior the study. Mice were group-92 
housed by sex and maintained on a 12h light/dark cycle. Mice were given ad libitum access to an 93 
irradiated pellet open formula (Teklad 7917; Envigo, Indianapolis, stored at room temperature) and 94 
drinking water (Boulder, CO municipal tap water that underwent reverse osmosis and chlorination). 95 
Mice were euthanized via cardiac exsanguination under inhaled isoflurane anesthesia, and carotid 96 
arteries were immediately excised. Paired carotid arteries were then mounted in a culture pressure 97 
myograph system incorporating automated syringe drivers for intraluminal perfusion of sex-matched 98 
young or mid-life/older dolphin serum for 24h following our published protocol (12). As a control group, 99 
we used previously published responses from mouse carotid arteries incubated with healthy (nonobese , 100 
nonsmokers, and free of clinical disease) adult human serum of equivalent ages (young 24±1 yrs; ML/O 101 
67±3 yrs) that were obtained in parallel in the same laboratory and at the same time (12). Serum human 102 
samples were obtained from participants of previous studies who consented to perform follow-up 103 
analyses with samples collected during their visits. Serum samples were stored at -80°C. The 104 
Institutional Review Board of the University of Colorado Boulder approved all procedures. 105 
 106 
In brief, carotid arteries were submerged within the culture myograph in a modified Krebs buffered 107 
solution which was continuously renewed via peristaltic pump for nutrient replacement and maintained 108 
at 37°C. Concurrently, the diluted serum solution (5% serum in modified Krebs buffer) was perfused 109 
intraluminally in anterograde using a syringe driver. Carotid arteries were pressurized to 50-55 mmHg 110 
using a pneumatic pump emulating physiological conditions. At the end of the incubation period, the 111 
modified Krebs solution was replaced with a physiological salt solution, and vessels were pre-constricted 112 
with 20 μM phenylephrine. EDD was assessed by measuring increases in vessel diameter in response to 113 
increasing concentrations of ACh (1x10-9 to 1x10-4 M) added directly into the chamber. Two EDD dose 114 
responses were measured consecutively with a 30-minute recovery in between. Following EDD, 115 
endothelium-independent dilation (EID) was assessed by measuring the increase in diameter in 116 
response to increasing concentrations of sodium nitroprusside (SNP; 1x10-9 to 1x10-3 M), an exogenous 117 
nitric oxide (NO) donor. For more detailed information (e.g., equipment and reagents references, 118 
solution composition, etc.) please refer our published protocol (12). 119 
 120 
Dolphin serum 121 
For age-equivalency, the age and sex of 161 Sarasota Bay resident bottlenose dolphins spanning 5 122 
generations were used. Dolphin serum from young (17.5±8 yrs; n=16: 5 female/11 male) and ML/O 123 
(28.5±3 yrs; n=4: 1 female/3 male) adults was obtained from archived samples at the National Marine 124 
Mammal Tissue Bank and used under permit No. 24350 issued by the National Marine Fisheries Service. 125 
These samples were collected during health-capture assessments of free-ranging dolphins and stored at 126 
-80°C. Only serum samples from dolphins of known age were used (Table 1). Although the National 127 
Marine Mammal Tissue Bank has a large collection of samples., the age of the dolphins is known only for 128 
a small fraction of animals, and older animal samples are more scarce. Adult females with calves are not 129 
captured to prevent stress on the calf. Hence, the availability of adult female samples of known age is 130 
very limited. Adolescent (sexually mature) and young adult dolphins were merged together as no 131 
differences were observed between these groups. Dolphin and human serum samples were heated to 132 
56°C for 30 minutes to enable cross-species compatibility and diluted to 5% in a modified Krebs buffered 133 
solution (12). 134 
 135 
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Statistics 136 
Minimum sample size was estimated with G*Power 3.1 software using peak EDD data of young and old 137 
mouse carotid arteries after incubation with a pool of young and old mouse serum, respectively (12), 138 
with an α error probability of 0.05 and 0.95 power. Data were summarized using the median and 139 
interquartile range (IQR = 25th - 75th percentile). The medians of peak EDD, area under the curve (AUC), 140 
and ACh concentration that provoked a 50% dilation (logEC50) for the four groups (young and ML/O 141 
human serum, and young and ML/O dolphin serum) were compared using the Kruskal-Wallis test. If 142 
statistical significance was found, multiple comparisons were performed using Conover’s All-Pairs Rank 143 
Comparison Test for medians (14). Data were analyzed using the R package, version 4.2.1. (R 144 
Development Core Team, 2022) (15). In all instances, statistical significance was set at P<0.05. GraphPad 145 
Prism version 10.2.2 was used for graphical purposes.  146 
 147 

RESULTS 148 
To test the effects of the circulating milieu on age-related endothelial function, we measured EDD and 149 
EID in young and old mouse carotid arteries exposed to young and ML/O serum from humans and 150 
dolphins; four exposure groups in total.  151 
 152 
We found similar results in young and old mouse carotid arteries. No significant differences among the 153 
four groups were found for AUC or LogEC50 (Table-2). Peak EDD differed across groups (P=0.002 in 154 
young and P=0.001 in old arteries) (Fig. 1A-C), but no significant differences were found for peak EID 155 
(P=0.780 in young and P=0.198 in old arteries) (Fig. 1D-F).  156 
 157 
In young mouse carotid arteries exposed to young human serum (young control group), the peak EDD 158 
was 93.5% (90.6-94.8%). Peak EDD was lower after incubation of young carotid arteries with ML/O 159 
human serum (85.1% [77.8-91.1%], P=0.022 vs. young control group) (Fig. 1A-B, gray). In contrast, peak 160 
EDD was not different than young control group values after incubation with young (93.8% [92.7-94.7%], 161 
P=0.974) or ML/O (95.1% [94.4-96.5%], P=0.293) adult dolphin serum (Fig. 1A-B, blue). 162 
 163 
In old mouse carotid arteries exposed to ML/O adult human serum (old control group), the peak EDD 164 
was 87.2% (75.4-90.9). Peak EDD was higher after incubation of old carotid arteries with young human 165 
serum (95.2% [91.2-96.6%], P=0.002 vs. old control group) (Fig. 1C-D, gray), as well as with young (94.8% 166 
[94.4-95.7%], P<0.001) and ML/O (97.2% [93.0-99.3%], P=0.003) adult dolphin serum (Fig. 1C-D, blue). 167 
 168 
In both young and old mouse carotid arteries, peak EDD was lower after incubation with ML/O adult 169 
human serum compared with peak EDD levels after exposure to young adult human serum. However, 170 
there were no differences in EID (Fig. 1D&F), indicating that the lower peak EDD after exposure to ML/O 171 
adult human serum occurred in an endothelium-specific manner (12). 172 
 173 
Overall, these results suggest that, unlike the circulating milieu of humans which impairs endothelial 174 
function with aging, the circulating milieu of dolphins preserves endothelial function regardless of the 175 
age of the dolphins. 176 
 177 

DISCUSSION 178 
To our knowledge, there are yet no in vivo measures of endothelial function in dolphins. As a first 179 
approach, this study focuses on the effect of the circulating milieu of bottlenose dolphins on the 180 
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endothelial function of mouse arteries ex vivo. Our results provide the first ancillary insight into what 181 
may be expected in dolphins.  182 
 183 
Endothelial function of carotid arteries isolated from both young and old mice was lower after 184 
incubation with ML/O adult human serum. In humans, NO bioavailability decreases with advancing age, 185 
in part due to an increase in tonic reactive oxygen species (ROS)-mediated oxidative stress and a 186 
subsequent increase in the production of proinflammatory cytokines (1). Additionally, reperfusion of 187 
tissues after ischemia and diving, increases ROS and inflammation independent of age, changes that are 188 
reflected in the circulating milieu (4, 11). Moreover, we have shown in a recent manuscript a strong 189 
correlation between the ex vivo measures of mouse carotid artery EDD to ACh incubated with human 190 
serum and the in vivo FMD of the human donor (12). Interestingly, the peak EDD of old mouse arteries 191 
incubated with ML/O adult dolphin serum was as high as that of young mouse arteries incubated with 192 
young adult dolphin and human serum. Hence, ML/O dolphin serum did not have the same unfavorable 193 
effects on carotid arteries ex vivo. Unlike the circulating milieu of ML/O humans, it did not induce a state 194 
of lower endothelial function.  195 
 196 
Circulating factors may be lost or altered during storage (-80°C) or heating to inactivate the 197 
complement. However, human and dolphin serum were treated the same way, and differences were 198 
still only found for ML/O human serum.  199 
 200 
Cetaceans include some of the longest-living mammal species. For example, the Bowhead whale 201 
(Balaena mysticetus) is the longest-lived species at an astounding 211 years (6). They live a fully aquatic 202 
lifestyle characterized by continuous diving throughout their life, although diving abilities vary among 203 
cetacean species. The genetics of these whales have been studied to better understand the mechanisms 204 
underlying their longevity (16, 17). Few have studied their resistance to hypoxia and reoxygenation 205 
insults that they experience during dives with no apparent damage (18, 19). Current literature indicates 206 
that cetaceans produce excessive ROS after blood flow restriction (hypoxia) and reperfusion, similar to 207 
terrestrial mammals (18, 19). Deep- and long-diving cetaceans produce higher ROS than shallow- and 208 
short-diving cetaceans (18). However, deep-long diving cetaceans have higher antioxidant capacities 209 
(18). Indeed, at least under cell culture conditions, the higher antioxidant defenses of bottlenose 210 
dolphins resulted in an attenuated inflammatory response to ROS (19). Seals, a different group of diving 211 
mammals that presents convergent evolution with cetaceans, maintain their antioxidant activity with 212 
advancing age (20). Cetaceans likely also maintain their antioxidant capacity into late-life although 213 
further research is needed to confirm this hypothesis.  214 
 215 
It has been reported for different laboratory animals, that cardiac ischemic preconditioning (i.e., short 216 
cycles of ischemia/reperfusion) protects vascular endothelial function (21). Additionally, remote 217 
ischemic preconditioning releases cardioprotective humoral factors (22). Repeated cycles of 218 
hypoxia/reoxygenation of peripheral tissues in cetaceans, similar to the ischemia/reperfusion cycles 219 
during ischemic preconditioning, may lead to a release of beneficial humoral factors that may protect 220 
vascular endothelial function. 221 
 222 
Unlike seals, cetaceans are fully aquatic animals and, hence, are more challenging to study. Their 223 
genetics might provide mechanistic insight that would otherwise be markedly difficult to test in 224 
cetaceans. Indeed, cetaceans have a positive selection of antioxidant and anti-inflammatory-related 225 
genes suggesting an enhanced protective stress response in cetaceans (23). This is likely reflected in the 226 
circulating milieu, which might protect the arteries from the insults of diving and aging, given their 227 
similarities. Although further research in the circulating milieu is necessary to confirm this hypothesis. 228 
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Additionally, whales express high amounts of the argininosuccinate lyase (Asl) gene (17), which is 229 
essential for both arginine synthesis and NO production (24). Given the existing literature and our 230 
results, further research is warranted to explore the role of NO bioavailability in mediating this 231 
preservation. 232 
 233 
Our study represents the first investigation of arterial aging in cetaceans. Bottlenose dolphins are not 234 
the longest-lived or the best divers, but they are the most highly characterized cetacean species, 235 
regarding life history, anatomy, physiology, and health population status (25, 26). Access to this 236 
information has enabled us to extrapolate age equivalencies between dolphin and human chronological 237 
age using the age and sex population structure of the resident Sarasota Bay bottlenose dolphin 238 
community with 161 individuals studied and spanning five generations (27). Maximum human lifespan is 239 
approximately 115 yrs (28). The US National Institute of Health (NIH) considers ML to be 45-64 yrs of age 240 
(29) and older adults as people aged 65 yrs or older (30). Maximum known lifespan for a female 241 
bottlenose dolphin is 59 yrs of age, while males do not surpass 50 yrs of age. Chronologically, dolphins 242 
aged 27-30 yrs may be considered ML/O adults. 243 
 244 
The bottlenose dolphin is the cetacean species with the most serum collected for health assessments 245 
given that it is a coastal species that is relatively easy to capture with minimal invasiveness or harm (26). 246 
Although the number of ML/O dolphin serum samples of known age available in the biobank was small, 247 
this limitation was overcome by the small dispersion of the data. In the future, more samples, including 248 
samples from older dolphins may become available. Additionally, dolphins kept in captivity could 249 
provide insight into whether the properties of the circulating milieu of dolphins is a phylogenetic 250 
adaptation that evolved over millions of years or if, instead, it is an acclimatization to diving, since 251 
dolphins in captivity do not dive as deep or as long as their free-range counterparts. Future studies 252 
should investigate the factors within the circulating milieu involved in protecting dolphins from 253 
developing endothelial dysfunction despite aging and diving habits. 254 
 255 
Conclusions 256 
In summary, mounting evidence suggests that cetaceans, long-lived mammals that dive continuously, 257 
show no signs of associated tissue or arterial damage. In this study, we demonstrate that the circulating 258 
milieu of bottlenose dolphins is geroprotective ex vivo in mouse carotid arteries. Taken together, the 259 
diving adaptations of cetaceans may protect their endothelium from typical age-related insults of 260 
terrestrial mammals. Hence, cetaceans could serve as a model to investigate targets, mechanisms and 261 
potential therapies for preventing and/or treating adverse arterial aging and promoting CV health and 262 
longevity in humans. 263 

DATA AVAILABILITY 264 
Data will be made available upon reasonable request. 265 
 266 
ACKNOWLEDGEMENTS  267 
The specimens used in this study were collected by the National Oceanic and Atmospheric 268 
Administration (NOAA), National Marine Fisheries Services (NOAA Fisheries), the National Marine 269 
Mammal Tissue Bank (NMMTB), which is maintained by the National Institute of Standards and 270 
Technology (NIST) and the NIST Biorepository, Hollings Marine Laboratory, Charleston, SC. The NMMTB 271 
is operated under the direction of NOAA Fisheries through the Marine Mammal Health and Stranding 272 
Response Program. The authors would like to thank Dr. Michael E. Widlansky at the Medical College of 273 
Wisconsin for his help establishing this isolated artery culture methodology in our laboratory. 274 

Downloaded from journals.physiology.org/journal/ajpheart by Yara Bernaldo De Quiros Miranda (088.008.162.171) on July 26, 2024.



 275 

GRANTS 276 
This project has received funding from the European Union’s Horizon 2020 research and innovation 277 
programme under the Marie Sklodowska-Curie grant agreement No 892267 and from the National 278 
Institutes of Health (NIH), exploratory/ Developmental Research Grant Award (NIH R21) No AG078408 279 
(D.R.S). Additional individual fellowships included: F31 HL165885 (to S.A.M), F31 HL164004 (N.T.G.), 280 
K99/R00 HL151818 (to V.E.B), and K99/R00 HL159241 (to Z.S.C.). Pressure myography equipment was 281 
purchased using funds from Colorado Clinical & Translational Sciences Institute grant CO-M-20-024 282 
(V.E.B) and Department of Integrative Physiology discretional funds (D.R.S.) 283 

DISCLOSURES 284 
The authors declare no competing interests.  285 

AUTHOR CONTRIBUTIONS 286 
Conceptualization: Y.B, S.A.M, Z.S.C, A.F., V.E.B, D.R.S. Investigation: Y.B, S.A.M, N.S.V., N.T.G, R.V, Z.S.C. 287 
Resources: G.B. Formal analysis and visualization: Y.B., P.S. Project administration: Y.B. Funding 288 
Acquisition: Y.B, V.E.B, D.R.S, Z.S.C. Supervision: Z.S.C, A.F, D.R.S. Writing original draft: Y.B, S.A.M, 289 
N.T.G, Z.S.C. Writing-review and editing: all 290 
 291 

REFERENCES 292 

 293 
1. Ungvari Z, Tarantini S, Kiss T, Wren JD, Giles CB, Griffin CT, Murfee WL, Pacher P, and Csiszar A. 294 
Endothelial dysfunction and angiogenesis impairment in the ageing vasculature. Nat Rev Cardiol 15: 555-295 
565, 2018. 296 
2. He W, Goodkind D, and Kowal PR. An aging world: 2015. United States Census Bureau 297 
Washington, DC, 2016. 298 
3. Brubakk AO, Duplancic D, Valic Z, Palada I, Obad A, Bakovic D, Wisloff U, and Dujic Z. A single 299 
air dive reduces arterial endothelial function in man. Journal of Physiology-London 566: 901-906, 2005. 300 
4. Obad A, Marinovic J, Ljubkovic M, Breskovic T, Modun D, Boban M, and Dujic Z. Successive 301 
deep dives impair endothelial function and enhance oxidative stress in man. Clinical Physiology and 302 
Functional Imaging 30: 432-438, 2010. 303 
5. Barak OF, Janjic N, Drvis I, Mijacika T, Mudnic I, Coombs GB, Thom SR, Madic D, and Dujic Z. 304 
Vascular dysfunction following breath-hold diving. Can J Physiol Pharmacol 98: 124-130, 2020. 305 
6. George JC, Bada J, Zeh J, Scott L, Brown SE, O'Hara T, and Suydam R. Age and growth estimates 306 
of bowhead whales (Balaena mysticetus) via aspartic acid racemization. Canadian Journal of Zoology 77: 307 
571-580, 1999. 308 
7. Kooyman GL. Diverse Divers - Physiology and Behavior Berlin: Springer-Verlag, 1989. 309 
8. Cunningham KS, and Gotlieb AI. The role of shear stress in the pathogenesis of atherosclerosis. 310 
Laboratory Investigation 85: 9, 2004. 311 
9. Lambertsen RH. Natural disease problems of the sperm whale. Bulletin van het Koninlijk 312 
Belgisch Instituut voor Natuurwetenschappen-Biologie 1997. 313 
10. Zhang H, Cherian R, and Jin K. Systemic milieu and age-related deterioration. Geroscience 41: 314 
275-284, 2019. 315 

Downloaded from journals.physiology.org/journal/ajpheart by Yara Bernaldo De Quiros Miranda (088.008.162.171) on July 26, 2024.



11. Thom SR, Bennett M, Banham ND, Chin W, Blake DF, Rosen A, Pollock NW, Madden D, Barak 316 
O, Marroni A, Balestra C, Germonpre P, Pieri M, Cialoni D, Le PNJ, Logue C, Lambert D, Hardy KR, 317 
Sward D, Yang M, Bhopale VB, and Dujic Z. Association of microparticles and neutrophil activation with 318 
decompression sickness. Journal of Applied Physiology 119: 427-434, 2015. 319 
12. Mahoney SA, VanDongen NS, Greenberg NT, Venkatasubramanian R, Rossman MJ, Widlansky 320 
ME, Brunt VE, Bernaldo de Quiros Y, Seals DR, and Clayton ZS. Role of the circulating milieu in age-321 
related arterial dysfunction: a novel ex vivo approach. American journal of physiology Heart and 322 
circulatory physiology 326: H1279-H1290, 2024. 323 
13. Fleenor BS, Sindler AL, Marvi NK, Howell KL, Zigler ML, Yoshizawa M, and Seals DR. Curcumin 324 
ameliorates arterial dysfunction and oxidative stress with aging. Experimental gerontology 48: 269-276, 325 
2013. 326 
14. Conover WJ, and Iman RL. Multiple-comparisons procedures. Informal report Los Alamos 327 
National Lab.(LANL), Los Alamos, NM (United States), 1979. 328 
15. Team RC. A language and environment for statistical computing. Vienna, Austria: 2022. 329 
16. Lagunas-Rangel FA. Deciphering the whale's secrets to have a long life. Exp Gerontol 151: 330 
111425, 2021. 331 
17. Seim I, Ma S, Zhou X, Gerashchenko MV, Lee S-G, Suydam R, George JC, Bickham JW, and 332 
Gladyshev VN. The transcriptome of the bowhead whale Balaena mysticetus reveals adaptations of the 333 
longest-lived mammal. Aging 6: 879, 2014. 334 
18. Cantu-Medellin N, Byrd B, Hohn A, Vazquez-Medina JP, and Zenteno-Savin T. Differential 335 
antioxidant protection in tissues from marine mammals with distinct diving capacities. Shallow/short vs. 336 
deep/long divers. Comparative biochemistry and physiology Part A, Molecular & integrative physiology 337 
158: 438-443, 2011. 338 
19. E. Symon T, Gaxiola-Robles R, J. Hern罭Dez-Camacho C, and Zenteno-Sav蚇 T. Oxidative stress 339 
indicators in human and bottlenose dolphin leukocytes in response to a pro-inflammatory challenge. 340 
Biocell 45: 1621-1630, 2021. 341 
20. Allen KN, Vazquez-Medina JP, Lawler JM, Mellish J-AE, Horning M, and Hindle AG. Muscular 342 
apoptosis but not oxidative stress increases with old age in a long-lived diver, the Weddell seal. Journal 343 
of Experimental Biology 222: jeb200246, 2019. 344 
21. Heusch G. The Coronary Circulation as a Target of Cardioprotection. Circ Res 118: 1643-1658, 345 
2016. 346 
22. Gedik N, Maciel L, Schulte C, Skyschally A, Heusch G, and Kleinbongard P. Cardiomyocyte 347 
mitochondria as targets of humoral factors released by remote ischemic preconditioning. Arch Med Sci 348 
13: 448-458, 2017. 349 
23. Allen KN, and Vazquez-Medina JP. Natural Tolerance to Ischemia and Hypoxemia in Diving 350 
Mammals: A Review. Front Physiol 10: 1199, 2019. 351 
24. Erez A, Nagamani SC, Shchelochkov OA, Premkumar MH, Campeau PM, Chen Y, Garg HK, Li L, 352 
Mian A, Bertin TK, Black JO, Zeng H, Tang Y, Reddy AK, Summar M, O'Brien WE, Harrison DG, Mitch 353 
WE, Marini JC, Aschner JL, Bryan NS, and Lee B. Requirement of argininosuccinate lyase for systemic 354 
nitric oxide production. Nat Med 17: 1619-1626, 2011. 355 
25. Cozzi B, Huggenberger S, and Oelschläger HA. Anatomy of dolphins: insights into body structure 356 
and function. Academic Press, 2016. 357 
26. Barratclough A, Wells RS, Schwacke LH, Rowles TK, Gomez FM, Fauquier DA, Sweeney JC, 358 
Townsend FI, Hansen LJ, and Zolman ES. Health assessments of common bottlenose dolphins (Tursiops 359 
truncatus): past, present, and potential conservation applications. Frontiers in veterinary science 6: 444, 360 
2019. 361 
27. Wells RS. Learning from nature: bottlenose dolphin care and husbandry. Zoo Biol 28: 635-651, 362 
2009. 363 

Downloaded from journals.physiology.org/journal/ajpheart by Yara Bernaldo De Quiros Miranda (088.008.162.171) on July 26, 2024.



28. de Beer J, Bardoutsos A, and Janssen F. Maximum human lifespan may increase to 125 years. 364 
Nature 546: E16-E17, 2017. 365 
29. Lachman ME, Teshale S, and Agrigoroaei S. Midlife as a Pivotal Period in the Life Course: 366 
Balancing Growth and Decline at the Crossroads of Youth and Old Age. Int J Behav Dev 39: 20-31, 2015. 367 
30. Health NIo. Age. edited by Guide NS2024, p. www.nihg.gov. 368 
 369 
 370 

Downloaded from journals.physiology.org/journal/ajpheart by Yara Bernaldo De Quiros Miranda (088.008.162.171) on July 26, 2024.



FIGURE LEGENDS 371 
 372 
Figure 1.  Ex vivo measures of endothelial function. Endothelium-dependent dilation (EDD) (A-B) 373 
and endothelium-independent dilation (EID) (C) of young mice carotid arteries, as well as EDD 374 
(D-E) and EID (F) of old mice carotid arteries following exposure to the same serum groups: 375 
n=10 (5 females/ 5 males) young adult humans(Y Human), n=10 (5 females/ 5 males) mid-376 
life/older adult humans (ML/O Human), n=16 (5 females/ 11 males) young adult dolphins (Y 377 
Dolphin), n=4  (1 female/3 males) mid-life/older adult dolphins (ML/O Dolphin). Female data is 378 
represented with crosses, male with open circles. Data represents medians and IQR. (a,b,c) 379 
Different superscripts show significant differences for P<0.05.  380 
  381 

Downloaded from journals.physiology.org/journal/ajpheart by Yara Bernaldo De Quiros Miranda (088.008.162.171) on July 26, 2024.



TABLES 382 
 383 
Table 1. Dolphin sample size, sex, and ages 384 

 Adolescents Young Adults ML/O Adults 

N (Females/Males) 8 (3/5) 8 (2/6) 4 (1/3) 

Age (years) 13 (12-14) 21 (21-21.3) 28.5 (27-30) 

Data were summarized using the median and interquartile range (IQR = 25th - 75th percentile). 385 
 386 
Table 2. Area under the curve (AUC) and concentration of ACh that provokes a 50% dilation (logEC50) 387 
for EDD. 388 
 
 Serum exposure Kruskal-Wallis 

test 
 Y Human ML/O Human Y Dolphin ML/O Dolphin P- value 
N 10 10 16 4  
AUC 301 (287-362) 278 (232-323) 322 (304-335) 333 (330-350) 0.080 
logEC50 -7.2 (-7-7- -7.0) -7.1 (-7.4- -6.3) -7.3 (-7.5- -7.2) -7.5 (-7.7- -7.4) 0.215 

Data were summarized using the median and interquartile range (IQR = 25-75th percentile). 389 
 390 
 391 
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