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Abstract

(Berenji 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 exposed to circulatory stress that directly affects the endothelial lining of blood vessels, and even asymptomatic
dives are associated with inflammatory responses, microparticle release and endothelial dysfunction. As humans age, there is
arelative increase in the risk of cardiovascular disease, attributed in part to declining endothelial function. Whether extensive
diving in the older diver increases the risk of disease as a result of accumulated circulatory stress, or provides protection
through processes of acclimatization remains an open question. We provide a brief review of current knowledge about the
separate effects of diving and aging on the vascular endothelium in humans and rodents, and discuss the available data on
their combined effects. The aim is to elucidate possible outcomes of the interplay between exogenous and endogenous
stress factors for endothelial function and to question potential implications for cardiovascular health in the aging diver.
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Introduction

Diving with compressed gas is associated with circulatory
stress that 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 depend on individual traits of the diver,
including age.® There is evidence that 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 undergoes complex phenotypical
and functional changes with aging. Age-dependent decline
of endothelial function comes as a consequence of increased
biochemical stress and results in a gradual progression
towards a pro-inflammatory and atherosclerotic 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 a summary of current knowledge
about the biochemical effects of diving and aging, 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
and to discuss the 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
and release of vasoactive molecules, first described in 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 demands of neighbouring
tissues. It was later determined that the essential EDRF
was the free radical nitric oxide (NO).'>!3 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.!#!15
Shear stress generated by flowing blood activates eNOS in
healthy vessels and 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,O, is
highly diffusible and can cause injury to endothelial cells.
Also, the interaction of O,” with NO generates the reactive
nitrogen species peroxynitrite (ONOO"), which inactivates
the essential eNOS cofactor tetrahydrobiopterin (BH4). The
net result is a loss of eNOS activity 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, the risks and progression of which are linked
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, even in healthy divers, circulatory
stress in the form of transient endothelial dysfunction,
inflammatory responses and microparticle release are
observed following routine dives.'!° Although no direct
correlation between the symptoms of decompression
sickness (DCS) and bubbles has been found, DCS risk
increases with 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
mechanisms linking 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 associated with declining endothelial function

The gradual decline in vascular endothelial function towards
a pro-inflammatory and atherosclerotic phenotype starts
in childhood, with clinical symptoms typically appearing
in middle age.'>*** This deterioration with age, even in
individuals who are not at particular 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
shown to have a five-fold higher risk than women of dying
from cardiovascular disease.?” Both clinically evident
and occult cardiovascular disease increase with age,?® and
this may be a factor to consider for elderly participants in
physically demanding activities such as diving.

Comparative observations from rodents

The use of animal models in diving research allows 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 boundaries for safe
human diving, in order to provoke pathological responses.
Studies of diving-related pathology in rodents often use non-
invasive measures that are assumed to correlate to human
symptomatology. DCS is typically inferred either from
post-dive behavioural changes,” or from measurements of
decompression-induced bubble loads in the circulation.?*3!

The endothelial dysfunction seen in healthy humans after air
dives also appears to occur in both rodents and rabbits.??3
The endothelial responses are likely triggered by oxidative
stress, as indicated by observed redox-dependent gene
expression changes in 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 stress in the cardiovascular pathophysiology of
diving, and the prospect of injury prevention through control
of oxidative stress levels.

Rats are also used in 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 seen in rats,* but some strains exist in which
atherosclerosis develops in response to high cholesterol
diets, or as a consequence of targeted genetic modifications
(as in the apoE knockout).’ A severe reduction 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 appears to be related
to perturbations in NO metabolism in the vessel wall, 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 vessels at basal conditions compared with young
controls, consistent with the biochemical changes of the
vascular endothelium in aging humans.

The aging diver: at risk or protected?

Thus, the aging diver’s circulatory system is simultaneously
exposed to both transient exogenous stresses from the
hyperbaric environment and age-related functional decline
of factors that maintain vascular homeostasis. The central
question is whether the net effect for the individual diver is
detrimental or beneficial for cardiovascular health.

Younger divers produce fewer bubbles than older divers.® A
decrease of VOZW and increased adiposity 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, as well as
the level of post-dive bubbling being both significantly
higher in males than in females and associated with weight
and body fat mass.® In another study, bubble loads in
divers were significantly associated with increasing age
and decreasing estimated \.702““, but not with percentage
of body fat.*® However, the correlation between bubble
grade and probability of DCS is not close, and the limited
epidemiological data available are also conflicting.
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The risk of DCS among insured members of the Divers Alert
Network (DAN) during the period 20002007 peaked at age
35-45 years with 27 cases per 10,000 member-years, then
falling to just 16 cases per 10,000 member-years by age
60-69.”7 Reasons for 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
members increased by one year every four years, whereas the
mean age of diving fatalities over the same period increased
by two years every four years.* The percentage of cardiac-
related factors among these diving fatalities increased from
less than 5% before age 35 years to 30% from age 50 years
onward.”*® Whereas the mean age of diving fatalities in
1992 was about two years older than for DAN members as
a whole, by 2003 the mean age of DAN members had risen
from 37 to 41 years and the mean age of diving fatalities
to 46 years suggesting a greater fatality rate amongst older
divers.*

Reports of cardiovascular-related death among divers
indicate that cardiovascular fatalities peak in the 50- to 60-
year age range. 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 as the principle predictor of
non-congenital cardiac incidents in divers. The association
with male sex is also seen in younger individuals; the relative
risk of cardiovascular mortality in male divers over 30 is six
times greater than that of female divers of the same age.®

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 seen in caisson workers,
where the incidence of DCS was reported to fall markedly
over a period of two to three weeks of compressed air work;
the effect being lost after off-work breaks of two to 10 days.*

The idea was further strengthened in a retrospective study of
occupational divers performing repetitive, daily air dives, in
whom DCS was treated most frequently early in the period.*
Biological indications of acclimatization to diving were later
reported in a cohort of military diving trainees.** There were
no incidences of DCS or other medical problems, but there
were significant changes in several biomarker levels, leading
to the conclusion that extensive diving activates defensive
acclimatization towards inflammatory insults.*

On an even more basic level, signs consistent with
acclimatization to diving have also been observed in the
gene expression patterns of peripheral leukocytes from
experienced, male divers.? Stable changes in the activity
of genes involved 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.

Limitations to our understanding

Aging divers may include unfit individuals or those with
chronic or silent cardiovascular disease, who are additionally
negatively affected by the circulatory stress associated with
diving. Certainly the DAN data supports this possibility,
but it is not known if DAN membership holders are
representative of the wider diving population or how they
might differ from other diving groups such as commercial
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 expectancy of lifelong divers is different
from that of a comparable non-diving population.

Conclusion

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