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Abstract

(Bereniji Ardestani S, Buzzacott P, Eftedal I. The aging diver: endothelial biochemistry and its potential implications for

cardiovascular health. Diving and Hyperbaric Medicine. 2015 December;45(4):235-239.)

Divers are exposedto circulatory stressthat directly affects the endothelial lining of blood vessels,and evenasymptomatic
dives areassociatedwith inflammatory responses,microparticle releaseandendothelial dysfunction. As humansage,thereis
arelative increasein the risk of cardiovasculardisease,attributed in part to declining endothelial function. Whetherextensive
diving in the older diver increasesthe risk of diseaseas a result of accumulated circulatory stress, or provides protection

through processesof acclimatization remains an open question. We provide a brief review of current knowledge about the
separateeffects of diving and aging on the vascular endothelium in humans and rodents, and discuss the available dataon
their combined effects. The aim is to elucidate possible outcomes of the interplay between exogenousand endogenous
stressfactors for endothelial function andto question potential implications for cardiovascularhealth in the aging diver.
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Introduction

Diving with compressedgasis associatedwith circulatory
stressthat affects the cardiovascular system, characterized by
altered redox status,activation of inflammatory signalling,
microparticle release and a transient dysfunction of the
vascular endothelium.™® Any resulting health effects
will conceivably dependon individual traits of the diver,
including age.® Thereis evidencethat the recreational diving
population may be aging,”® whilst occupational divers may
continue their careers as long as they pass their annual
medical examination.

The cardiovascular system undergoescomplex phenotypical

and functional changeswith aging. Age-dependentdecline
of endothelial function comesasaconsequenceof increased
biochemical stress and results in a gradual progression
towards a pro-inflammatory andatherosclerotic phenotype.®
Whether this is further aggravated by transient stress
from diving remains an open question. The contrary may
also be the case,with regular diving triggering protective
acclimatization.

In this article, we provide asummaryof current knowledge
aboutthe biochemical effects of diving andaging, separately
and combined, on the vascular endothelium, and discuss
them in light of cardiovascular health data. The aim is
to elucidate possible outcomes of the interplay between
exogenous and endogenous stress on vascular endothelial
function using data from both human and rodent studies
andto discussthe potential implications for cardiovascular
health in aging divers.

Biochemistry of the vascular endothelium

The vascular endothelium is a key regulator of vascular
homeostasis.™ Its function is mediated via the production

andreleaseof vasoactive molecules, first describedin 1980
and termed acetylcholine-induced endothelium-derived
relaxing factors (EDRF)." EDRFs regulate the diameter,
structure and tone of the vasculature, thereby balancing
oxygen supply with the metabolic demandsof neighbouring
tissues. It was later determined that the essential EDRF
was the free radical nitric oxide (NO)."2*®* NO is derived
from the amino acid L-arginine by nitric oxide synthase
(NOS)-driven catalysis. In the endothelium, NO production
is catalyzed by endothelial nitric oxide synthase,eNOS."'®
Shearstress generatedby flowing blood activates eNOS in
healthy vesselsand the resulting NO has EDRF function.'®

Under normal physiological conditions, NO is the sole
catalytic product of eNOS. However, when intracellular
oxidative stress from exogenous or endogenous sources
increases,a switch in eNOS activity may occur, resulting
in production of the reactive oxygen species superoxide
(0,7). Enzymatic conversion of O,” by superoxide
dismutase produces hydrogen peroxide (H,0,). H,0, is
highly diffusible and can causeinjury to endothelial cells.
Also, the interaction of O,”with NO generatesthereactive
nitrogen speciesperoxynitrite (ONOQO"), which inactivates
the essentialeNOS cofactor tetrahydrobiopterin (BH4). The
netresultis aloss of eNOSactivity followed by endothelial
activation and ultimately by endothelial dysfunction. The
failure to uphold vascular homeostasis is accompanied
by elevated levels of circulating cytokines, intravascular
platelet aggregation and inflammation in the surrounding
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tissue.” Endothelial dysfunction occurs in a number of
cardiovascular diseases,e.g., atherosclerosis and coronary
artery disease,therisks and progression of which arelinked
to the severity of endothelial dysfunction.®

Diving impairs endothelial function

The dynamics of inert gas uptake and elimination during
diving add to the physical stress from the hyperbaric
environment such that, evenin healthy divers, circulatory
stressin the form of transient endothelial dysfunction,
inflammatory responsesand microparticle release are
observedfollowing routine dives.™' Although no direct
correlation between the symptoms of decompression
sickness (DCS) and bubbles has been found, DCS risk
increaseswith increasing bubble loads.?°

It has been hypothesized that a transient loss of vascular
homeostasis in response to altered redox status is the
underlying cause of DCS, with bubbles acting as an
exacerbating factor.?! Suggested pathophysiological
mechanismslinking bubbles to DCS development include
direct physical injury to the vascular endothelium, as
reported in the pulmonary aorta of pigs after simulated
air dives,?? and biochemical processes, as indicated by
complement activation in human serum infused with air
bubbles.®

Aging is associatedwith declining endothelial function

The gradual decline in vascularendothelial function towards
a pro-inflammatory and atherosclerotic phenotype starts
in childhood, with clinical symptomstypically appearing
in middle age.'??*? This deterioration with age, evenin
individuals who arenot atparticular risk for cardiovascular
disease, predisposes both sexes to ischaemic heart
disease,® though men experience earlier and more severe
atherosclerosis than women. Middle-aged men have been
shownto havea five-fold higher risk than women of dying
from cardiovascular disease.?” Both clinically evident
and occult cardiovascular diseaseincrease with age,® and
this may be a factor to consider for elderly participants in
physically demandingactivities suchasdiving.

Comparative observationsfrom rodents

The use of animal models in diving researchallows for
control of environmental and biological factors that might
otherwise confound the outcome and for a more liberal
use of protocols that lie outside of the boundariesfor safe

humandiving, in order to provoke pathological responses.

Studiesof diving-related pathology in rodents often usenon-
invasive measuresthat are assumedto correlate to human
symptomatology. DCS is typically inferred either from
post-dive behavioural changes,®or from measurementsof
decompression-inducedbubble loads in the circulation.3**!

The endothelial dysfunction seenin healthy humansafter air
dives also appearsto occur in both rodents and rabbits.>33
The endothelial responsesarelikely triggered by oxidative
stress, as indicated by observed redox-dependent gene
expression changesin rat aorta after simulated dives.*
Also of interest is the potential acclimatization to diving.
Rats dived daily on low-stress air profiles have reduced
mortality and fewer signs of neuronal impairment after a
single provocative dive than their naive controls.* Taken
together, these observations support the role of exogenous
oxidative stressin the cardiovascular pathophysiology of
diving, andthe prospectof injury preventionthrough control
of oxidative stresslevels.

Rats are also usedin comparative studies of cardiovascular
aging. Some hallmarks of vascular aging are similar

in humans and rats, such as remodelling of the arterial

wall, with thickening of the intima-media, vascular
stiffening and endothelial dysfunction.? Atherosclerosis is
normally not seenin rats,* but somestrains exist in which

atherosclerosis develops in responseto high cholesterol

diets, or asa consequenceof targeted genetic modifications

(as in the apoE knockout).® A severereduction of flow-

induced relaxation in response to increased shear stress
has been demonstrated in isolated coronary arterioles

of approximately 80-week-old rats (corresponding to a
human age of 65 to 70 years)." This appearsto be related
to perturbations in NO metabolism in the vesselwall, that
indicate that the aged cells lose their ability to increase
NO synthesis even in the presence of abundant substrate.
The aging rats also have higher generation of O, in their
coronary vesselsat basal conditions comparedwith young
controls, consistent with the biochemical changesof the
vascular endothelium in aging humans.

The aging diver: at risk or protected?

Thus, the aging diver’s circulatory systemis simultaneously
exposed to both transient exogenous stresses from the
hyperbaric environment and age-relatedfunctional decline
of factors that maintain vascular homeostasis. The central
questionis whetherthe net effect for the individual diver is
detrimental or beneficial for cardiovascularhealth.

Younger divers produce fewer bubblesthan older divers.® A
decreaseof VO, and increasedadiposity with increasing
age has been postulated to be the main reason for these
changes.® More recently a positive relationship between
age and post-dive bubbles has been reported, aswell as
the level of post-dive bubbling being both significantly
higher in malesthan in females and associatedwith weight
and body fat mass.®® In another study, bubble loads in
divers were significantly associatedwith increasing age
and decreasing estimated VO, _, but not with percentage
of body fat*® However, the correlation between bubble
grade and probability of DCS is not close, and the limited
epidemiological dataavailable are also conflicting.
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Therisk of DCS amonginsured membersof the DiversAlert
Network (DAN) during the period 2000-2007 peakedatage
3545 years with 27 casesper 10,000 member-years, then
faling to just 16 casesper 10,000 member-years by age
60-69.” Reasonsfor this may be less physiological than
behavioural; for example, if divers dive more cautiously as
they age. Between 1992 and 2003, the mean age of DAN
membersincreased by one year every four years, whereasthe
meanageof diving fatalities over the sameperiod increased
by two years every four years.* The percentageof cardiac-
related factors amongthesediving fatalities increasedfrom
less than 5% before age 35 years to 30% from age50 years
onward.” Whereas the mean age of diving fatalities in
1992 was about two years older than for DAN membersas
awhole, by 2003 the meanageof DAN membershadrisen
from 37 to 41 years and the mean age of diving fatalities
to 46 years suggesting a greater fatality rate amongstolder
divers.%

Reports of cardiovascular-related death among divers
indicate that cardiovascular fatalities peakin the 50- to 60-
year agerange.Among 947 fatalities in recreational divers,
26% were related to cardiac incidents associated with a
history of cardiac disease or age greater than 40.#' Being
male and over 50 is recognized asthe principle predictor of
non-congenital cardiac incidents in divers. The association
with male sexis alsoseenin youngerindividuals; therelative
risk of cardiovascularmortality in male diversover 30is six
times greater than that of female divers of the sameage.®

While physical activity in itself provides cardio-protection,
diving may offer additional benefit through acclimatization
to oxidative stress. Indications of acclimatization to
hyperbaric exposure were first seenin caisson workers,

where the incidence of DCS was reported to fall markedly
over aperiod of two to three weeksof compressedair work;

the effect beinglost after off-work breaksof two to 10days.*?

The ideawasfurther strengthenedin aretrospective study of
occupationaldivers performing repetitive, daily air dives,in
whom DCSwastreated mostfrequently early in the period.*®
Biological indicationsof acclimatization to diving werelater
reportedin acohort of military diving trainees.* Therewere
no incidences of DCS or other medical problems, but there
were significant changesin severalbiomarker levels, leading
to the conclusion that extensive diving activates defensive
acclimatization towardsinflammatory insults.*

On an even more basic level, signs consistent with
acclimatization to diving have also been observedin the
gene expression patterns of peripheral leukocytes from
experienced, male divers.2 Stable changesin the activity
of genesinvolved in apoptosis, inflammation and innate
immunity persisted for two weeks after their last dive,
consistent with defence against the augmented oxidative
stress to which they had been repeatedly exposed during
their diving careers.
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Limitations to our understanding

Aging divers may include unfit individuals or those with
chronic or silent cardiovascular disease,whoareadditionally
negatively affected by thecirculatory stressassociatedwith
diving. Certainly the DAN data supportsthis possibility,
but it is not known if DAN membership holders are
representativeof the wider diving population or how they
might differ from other diving groups such ascommercial
divers. Likewise, we cannot say whether divers are a self-
selected group to which people with pre-existing medical
conditions are less likely to belong. Finally, it is not yet
known if the life expectancyof lifelong diversis different
from that of a comparablenon-diving population.

Conclusion

Diving and aging independently affect the vascular
endothelium and their combined effects needto be better
understood. As the function of the vascular endothelium
deteriorates with age, the resulting outcome for divers’
health dependson a complex interaction between harmful
and beneficial factors. Diving may further aggravate an
already vulnerable situation, consistentwith the elevatedrisk
for male divers of dying in the water from a cardiovascular
event.Alternatively diving may provide protection through
processesof acclimatization, as suggested by the lower
relative risk of decompressionsicknessin older, experienced
divers and the lasting changesin blood biochemistry
after extensive diving. Since endothelial biochemistry is
comparable between man and rodent, such animal studies
may aid in the elucidation of the combinedeffects of diving
and aging on the cardiovascular health of aging divers.
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