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Abstract

Environmental conditions and increased physical activity during scuba diving are followed by increased production of free radicals and disturbed
redox balance. Redox balance disorder is associated with damage of cellular components, changes of cellular signaling pathways and alterations of
gene expression. Oxidative stress leads to increased expression of sirtuins (SIRTs), molecules which play an important role in the antioxidant defense,
due to their sensitivity to the changes in the redox status and their ability to regulate redox homeostasis. These facts make SIRTs interesting to be
considered as molecules affected by scuba diving and in that sense, as potential biomarkers of oxidative status or possible drug targets in reduction
of reactive oxygen species (ROS) accumulation. In addition, SIRTs effects through currently known targets make them intriguing molecules which
can act positively on health in general and whose expression can be induced by scuba diving.

A demanding physical activity, as well as other circumstances present in scuba diving, has the greatest load on the cardiovascular function (CV). The
mechanisms of CV response during scuba diving are still unclear, but diving-induced oxidative stress and the increase in SIRTs expression could be
an important factor in CV adaptation. This review summarizes current knowledge on scuba diving-induced oxidative and CV stress and describes the

important roles of SIRTs in the (patho)physiological processes caused by the redox balance disorder.
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Introduction

In the last few decades, diving with the self con-
tained underwater breathing apparatus (scuba)
has become a popular recreational sport activity
all around the world. Sport or recreational scuba
diving means diving to a depth of not more than
40 meters, using only compressed air or nitrox
(mixture of nitrogen and oxygen) with no more
than 40% oxygen as a breathing gas and having a
direct vertical access to the surface, without de-
compression stop. As opposed to recreational scu-
ba diving and its limits, technical scuba diving is
more complex and usually requires mandatory de-
compression stop on surfacing and/or using of
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multiple gas mixtures such as trimix (mixture of ni-
trogen, oxygen and helium), heliox (mixture of he-
lium and oxygen) or hydrox (mixture of hydrogen
and oxygen) as breathing media (1).

The effects of scuba diving on health are reflected
through the oxidative stress which may be caused
by demanding physical activity, hyperoxia and ex-
posure to cold temperatures. Furthermore, other
circumstances present in diving such as the forma-
tion of intravascular bubbles, the effect of immer-
sion, high pressure environment, together with
the aforementioned factors have the greatest load
on the cardiovascular function (CV).
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The aim of this review is to summarize the current
knowledge of scuba diving effects on oxidative
stress and CV function, highlighting the role of sir-
tuins (SIRTs) in the oxidative status in order to im-
prove understanding of their potential role in the
(pato)physiological processes in scuba divers.

Effects of scuba diving on the oxidative
status

An imbalance between the free radical production
and antioxidant defence in human body leads to
an oxidative stress state. The negative effects of
oxidative stress are associated with the pathophys-
iology of many diseases and aging. They are the
consequence of a reduction in resistance to oxida-
tive stress with aging and the accumulation of free
radicals. Physical exercise can also increase oxida-
tive stress and cause disruption of redox homeos-
tasis. However, many studies have shown a benefi-
cial role of the reactive oxygen species (ROS) pro-
duced during exercise, which leads to important
training adaptations: an increase in resistance to
oxidative stress, angiogenesis, mitochondria bio-
genesis, and muscle hypertrophy (2).

It is well established that exercise can have both
positive and negative effects on oxidative status
depending on exercise load, exercise specificity
and the basal level of physical condition. However,
the effect of scuba diving on the ROS production
and oxidative stress resistance compared to other
recreational activities is still unknown. Further-
more, it remains unclear in which circumstances
the practice of scuba diving can be helpful or
harmful.

Looking for the potential molecules which could
be effective in the increase of the resistence to the
oxidative stress and thus for the extension of life
span, led to the discovery of the new compounds
called anti-aging molecules or sirtuins, enzymes
sensitive to the increased ROS production (3,4).
SIRTs, as sensors of the oxidative stress level as well
as important molecules in antioxidant defense,
could provide answers to the previously men-
tioned concerns. Unfortunately, to date there is no
data about scuba dive influence on SIRTs expres-
sion.

Biochemia Medica 2014,;24(2):235-47

Due to the weight of the diving equipment and in-
creased resistance to movement, scuba diving is a
demanding physical activity. Furthermore, divers
are exposed to the changes in environmental con-
ditions that are not usually present in other types
of physical activity. Besides underwater pressure
and cold temperatures, these changes also include
breathing oxygen at the elevated pressure and in-
creased resistance to breathing (5). Intensified
physical activity and coldness can lead to the in-
creased production of free radicals. Additionally,
hyperoxia as a result of the hyperbaric exposure
during diving and breathing oxygen at high pres-
sure could induce oxidative stress (6).

The current data on influences of scuba diving on
oxidative status is controversial; while some stud-
ies describe positive effects, others suggest unde-
sirable consequences of scuba diving on human
health. The main reason for such ambiguous re-
sults lays in the fact that the studies were conduct-
ed under different conditions, including differenc-
es in selection of evaluated biomarkers of oxida-
tive status, and the time and method of determi-
nation.

Ferrer et al. studied the effects of the single scuba
diving episode and hyperbaric oxygen (HBO) treat-
ment in a hyperbaric chamber, on the lymphocyte
hydrogen peroxide production (H,0,) and lym-
phocyte antioxidant system. While H,O, produc-
tion, glutathione peroxidase (GPx) and catalase
(CAT) activities were increased after diving, follow-
ing HBO exposure only the increase in H,O, pro-
duction and GPx activity was reported (6). These
results suggest that hyperoxia associated to both
scuba diving and HBO treatment leads to the con-
dition of oxidative stress, yet it seems that diving
influences the antioxidant defence in lymphocytes
differently, comparing to hyperbaria at resting
state. It is possible that physical activity during
scuba diving contributes to the activation of anti-
oxidant defence.

Another study showed that single scuba diving
immersion, at a depth of 40 meters of sea water
(msw), leads to an increase of erythrocytes GPx ac-
tivity, plasma superoxide dismutase (SOD) and CAT
activities, whilst the markers of oxidative damage,
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malondialdehyde (MDA) and protein carbonyl
derivates, in both erythrocytes and plasma re-
mained unchanged (7). According to these data,
scuba dive to a depth of 40 msw leads to an anti-
oxidant response in plasma and erythrocytes with-
out the appearance of cellular damage. On the
other hand, study on a single dive to a depth of 50
msw has found significant increase of plasma MDA
3 hours after diving. This study also revealed an in-
crease in plasma CAT activity (immediately after
diving) and plasma extracellular SOD protein lev-
els (3 hours after diving), thus supporting the the-
ory of the antioxidant activation during diving (8).
The controversial results in MDA levels are proba-
bly the consequence of the sampling time after
diving, the differences in the used test or differ-
ences between the participants. However, it is also
possible that the differences in diving depths may
have effect on MDA levels. The former supports
the limitation of depth (40 meters) for recreational
scuba diving.

It should be emphasized that there is no data on
the effects of successive recreational scuba diving
on oxidative status, whereas the results of studies
on successive deep dives are also insufficient and
unclear. Obad et al. reported a significantly in-
creased level of oxidative stress (assessed by thio-
barbituric acid-reactive substances (TBARS) meth-
od) and a tendency for plasma antioxidant capaci-
ty (AOC) reduction after six trimix dives (55 to 80
msw), in six consecutive days (9). However, in an-
other study, Vince et al. did not find the increase of
lipid peroxidation (assessed by TBARS measure-
ment) after simulated scuba dives in the hyperbar-
ic chamber (10). Possible reasons for the discrep-
ancy between these results are effects of immer-
sion, exercise, temperature, resistance to breathing
and psychological stress, which are present in un-
derwater diving, or other factors such as the study
population, timing of TBARS measurement etc.

Bearing in mind that recreational dives are often
practiced consecutively (e.g. 4-5 dives in a row
weekly) and that some divers do not comply with
the depth limits of recreational diving, it is an im-
portant question whether activation of the anti-
oxidant defence is fast and sufficient enough to
prevent the accumulation of free radicals and the
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subsequential damage. Additional studies on the
influence of diving on biomarkers of oxidative
damage are certainly needed, especially at differ-
ent depths of diving and with the practice of suc-
cessive dives.

It is interesting to observe that some interventions
before, during, and after scuba diving can affect
the outcome of oxidative stress, CV changes that
were observed after diving as well as intravascular
bubbles formation. Morabito et al. has investigat-
ed the effect of the pre-dive breathing 100% oxy-
gen at the different depths (0 msw, 6 msw, 12 msw)
on the oxidative status and reported that in-water
pre-breathing oxygen in particular at 12 msw, may
enhance lymphocyte antioxidant activity and re-
duce ROS levels after diving (11). These data sug-
gest that although breathing 100-percent oxygen
at higher pressure may increase the ROS produc-
tion, it also plays an important role in the lym-
phocyte adaptation to the oxidative stress.

Another study tested the effects of acute antioxi-
dant supplementation on arterial endothelial func-
tion, pulmonary artery pressure and heart func-
tion before and after diving. It was shown that
acute antioxidant treatment with vitamins C and E,
2 hours before diving, reverses brachial endotheli-
al dysfunction, while reduction in heart and pul-
monary artery function were unchanged (12). The
same authors reported that long-term antioxidant
treatment reduces the endothelial dysfunction in
divers (13). Diving-induced asymptomatic reduc-
tion of the endothelial function was observed in
the several studies (9,14,15). However, the causes
which lead to the changes in the endothelial func-
tion are not entirely clear. The effect of antioxidant
supplementation before diving supports the theo-
ry that ROS formed during dive have a role in the
post-dive arterial endothelial dysfunction. Similar-
ly to this hypothesis, antioxidant supplementation
such as a-lipoic acid (LA) has been proposed as an
adjuvant to attenuate harmful ROS effects during
HBO therapy for the treatment of a variety of con-
ditions (16).

Furthermore, Dujic et al. demonstrated that a sin-
gle bout of strenuous exercise, 24 hours before the
simulated dive, ameliorates venous post-dive bub-
ble formation (17). Another two studies by the
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237



PerovicA. et al.

Scuba diving and oxidative stress

same authors have shown that exercising during a
decompression stop, and post-dive exercising re-
duce gas bubble formation after an open sea dive
(18,19). The above results are important for reduc-
ing the risk of diving decompression sickness
(DCS). In addition, post-dive gas bubbles are one
of the possible causes of arterial endothelial dys-
function. However, data on biomarkers of oxida-
tive stress in such studies are still lacking.

Therefore, it is obvious that oxidative status chang-
es are related to scuba diving, but the mechanisms
of activation and expression of antioxidant en-
zymes, as well as their efficiency, remain elusive.
SIRTs, as major contributors of antioxidative de-
fence, are becoming a challenge in further investi-
gations of positive and negative effects of oxida-
tive stress.

The role of sirtuins in oxidative status

Because of their role in regulation of redox home-
ostasis SIRTs, a class Il HDACs (histone deacetylas-
es) which consist of seven members (SIRT1-7) rep-
resent intriguing molecules associated to different
conditions that accompany ROS formation, includ-
ing scuba diving. SIRTs proteins are nicotinamide
adenine dinucleotide (NAD) dependent deacety-
lases. Therefore, the requirement of the NAD co-
factor and the localization of some SIRTs have sug-
gested that histones are not their primary targets.
It is believed that SIRTs play an important role in
the aging process and many aging-related diseas-
es such as diabetes, cardiovascular, neurodegen-
erative, respiratory and autoimmune diseases as
well as cancer. It is also considered that the identi-
fication of drugs and the nutrients which can in-
crease SIRTs expression or activation may be a
promising strategy to alleviate diseases associated
with the accumulation of free radicals and aging.
The beneficial lifespan effect of SIRTs is associated
with their many biological functions directly or in-
directly linked to aging and, in particular, due to
their sensitivity to the changes in the redox status
and their ability to regulate redox homeostasis
(20). That is the reason why it is intriguing to con-
sider SIRTs as molecules affected by scuba diving
and in that sense, as potential biomarkers of oxida-

Biochemia Medica 2014,;24(2):235-47

tive status or possible drug targets in reduction of
ROS accumulation.

SIRT1 is the most extensively studied among the
sirtuin family members and along with SIRT3 plays
an important role in expression and activation of
antioxidant enzymes. Redox targets whose activi-
ty is regulated by SIRT1 include p53 (21) and fork-
head box O (FOXO) transcription factor family (22).
SIRT1 deacetylates p53 and thus reduces its tran-
scriptional activity and preventing the induction
of a p53-mediated apoptosis program (23). With
increased levels of intracellular ROS, SIRT1
deacetylates and activates FOXO3a-mediated up-
regulation of CAT and SOD2 gene expression, lead-
ing to reduction of ROS levels. However, it is con-
sidered that SIRT1 has a dual role; while low levels
of ROS lead to the SIRT1-mediated upregulation of
FOXO03a and p53, higher levels lead to the switch
to FOXO3a and p53 mediated apoptosis. Thus,
SIRT1 acts as a ROS sensor which, depending on
the severity of oxidative stress, induces protective
mechanisms or mechanisms of apoptosis (24).

SIRT1 is the most widely characterized protein in
the sirtuin family, and therefore a great deal of in-
formation regarding its role has been collected
over the last decade. Its effects on the so far dis-
covered targets and binding partners make it an
interesting molecule, whose expression can be in-
duced by scuba diving and therefore positively af-
fect health in general. Table 1 summarizes some of
SIRT1 targets and binding partners, and signifi-
cance of SIRT1 action to them (21-39).

SIRT3 is a major mitochondrial deacetylase and
plays a relevant role in energy metabolism and
ATP-production. In addition to the mitochondrial
signaling, SIRT3, as well as SIRT1, deacetylates Fox-
O3a transcription factor thus leading to the in-
creased expression of CAT and SOD2, and conse-
quently suppression of ROS levels (40). Further-
more, SIRT3 also has an important role in the acti-
vation of SOD2 (41) and through its numerous mi-
tochondrial targets, increases activity of other
antioxidant enzymes indirectly, by production
NADPH (42). According to the above mentioned, it
seems that SIRT3 is faster and more powerful in
the antioxidant defence in relation to the SIRT1,
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TasLE 1. Possible effects of oxidative stress-induced SIRT1 expression through some of SIRT1 targets and binding partners.

SIRT1 targets and
binding partners

Significance of SIRT1 action

Reference; year

Preventions or inductions of apoptosis — controlling resistance to oxidative

Shah et al. (21); 2012.

p53* stress Luo et al. (23); 2001.
) Webster et al. (24); 2012.
FOXOT* Regulating genes involved in cellular catabolism, cell growth, proliferation,
FOXO3a* differentiation, renewal, immune response and apoptosis — increase Ng et al. (22); 2013.
FOXO4* autophagic activities, preventing inflammation, controlling resistance to Webster et al. (24); 2012.
oxidative stress.
PGC1a* Inc?uct.lon of gene expression fqr glucopeogenesm, mitochondrial fatty acid Nemeto et al. (25); 2005.
oxidation, and mitochondrial biogenesis.
NFkB* Suppression of pro-inflammatory genes — preventing excessive inflammation. Kauppinen et al. (26); 2013.
HIF1a* Repression of transcriptional activity. Webster et al. (24); 2012.
HIF2a* Activation of transcriptional activity — increase erythropoietin. Webster et al. (24); 2012.
Histone 1* . - . . .
. " Impact on the formation and stability of chromatin, chromatin remodelling, .
Histone 3 . . . . Baur (27); 2010.
Histone 4% DNA repairs — genomic stability, cellular longevity.
Cortactin® Retards cancer cell motility and migration. Tang (28); 2010.
Ku70* Promotes DNA repair activity — increases cell survival. Jeong et al. (29); 2007.
PPARY# Supprgssmp of genes involved in fat storage = reduction lipogenesis / Baur (27); 2010.
activation lipolysis.
PPARGE Inducthn pf genes involved in fatty acid uptake and oxidation, suppression of Baur (27); 2010.
glycolysis in the liver.
UCP2+ Restore pancreayc beta cells ability to secrete insulin — improvement Rai et al. (30); 2012.
pancreatic function.
Suppressing inflammation and productions ROS/RNS in arteries, promoting - .
eNOS* blood vessel relaxation — improvement endothelial and cardiovascular g/\oa;t(';agajasmgh etal. (31)
function, ateroprotection. ’
LXR* Decrease trlglycerldes., total c'holesterc')I and LDL cholesterol, increase HDL Li et al. (32); 2007.
cholesterol — protection against cardiovascular disease.
SREBP1* Reducn?g hepa.tlc triglyceride synthe5|s.and fat deposition in the liver > Wang et al. (33); 2009.
protection against non-alcoholic fatty liver disease.
*
ﬁtgi* Breaking down and recycling damaged cellular components — promotion Chung et al. (34); 2010.
AtSS* cellular rejeuvenation. Ng et al. (22); 2013.
CLOCK#+ Regulation of circadian rhythm. Chung et al. (34); 2010.
. . . Yuan et al. (35); 2009.
_ *
c-Myc Negatively regulate cell growth and transformation — tumour suppression. Haigis et al. (36); 2010.
. . . . - Jeong et al. (37); 2011.
*
TORC1/CREB Neuroprotective role in the pathogenesis of Huntington's disease. Duan (38); 2013.
PCAF* Controls the E2F1/p73 apoptotic pathway — modulate tumor cell survival and Pediconi et al. (39): 2009,

chemosensitivity.

*deacetylation targets; ttranscriptional targets; $binding partners.
FOXO - forkhead box class O; PGC-1a - peroxisome proliferation-activated receptor gamma coactivator-1a; NFkB - nuclear factor-«B;
HIF - hypoxia inducible factor; PPAR - peroxisome proliferation-activated receptor; UCP2 - uncoupling protein gene 2; eNOS -
endothelial nitric oxide synthase; LXR - liver X receptor; SREBP1 - sterol regulatory element binding protein1; Atg - autophagy-related
proteins; CLOCK - circadian locomotor output cycles kaput; TORC1 - transducer of regulated CREB 1; CREB - cAMP responsive
element-binding protein; PCAF - P300/CBP-associated factor.
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thereby emerges from the shadow of SIRT1. SIRT3
is highly expressed in tissues with high oxidative
capacity such as liver, heart, skeletal muscle and
brown adipose tissue (BAT). It was shown that
SIRT3 expression is up-regulated under calorie re-
striction, exercise and cold exposure which lead to
adaptation of different physiological processes in
these tissues and organs (Figure 1) (43-45). All this
leads to the assumption that cold exposure and
physical activity in scuba diving could induce ex-
pression of SIRT3. Similarly, it was shown that exer-
cise, caloric restriction and resveratrol (polyphenol
from grapes and red wine) are potent SIRT1 activa-
tors (3,46), and thus may affect many biological
functions of SIRT1 (Figure 2) (47). In support of the
above, the comparison of the acute effects of red
wine, beer and vodka against hyperoxia-induced
oxidative stress (breathing 100% normobaric oxi-
gen) showed that only red wine provides protec-
tion against oxygen-induced oxidative stress (48).

Cold exposure

i

Scuba diving .

Exercise

® ./ G '
H N
1 -

Caloric restriction

\
(8er3)
;

Moreover, study in animal models showed an in-
crease of the skeletal muscle SIRT1 expression 2
hours after acute endurance exercise and after 14
days of training (49). Studies in humans reported
an increase of muscle SIRT1 protein expression af-
ter single bout of sprint exercise (50), and an in-
crease in muscle SIRT1T mRNA after single bout and
successive bouts of cycling (51). On the other hand,
the level of SIRT3 expression in lymphocytes re-
mained unchanged 2 hours after exercise in a hot
environment, but was increased after 2 hours of
exercise in a cold environment (52). Another study
found no change in SIRT3 expression in lym-
phocytes after intense swimming, but a positive
correlation was found between SIRT3 and CAT ex-
pression, thus suggesting a close relationship be-
tween the expression of these genes in lym-
phocytes in vivo (53).

Due to increased physical activity, hyperoxia and
exposure to cold temperatures, it is considered

HEART

Protects
cardiomyocytes from
oxidative stress,

Blocks development of
cardiac hypertrophy

LIVER

Regulates fatty acid

oxidation, acetate metabolism,
urea cycle, antioxidant pathways

\ SKELETAL MUSCLE
Increases mitochondrial
biogenesis and oxidative
capacity, ROS protection

BAT

Regulates mitochondrial
function and thermogenesis

Ficure 1. Calorie restriction, cold exposure and exercise induce SIRT3 expression and activity in tissues and organs with high oxida-
tive capacity such as heart, liver, skeletal muscle and brown adipose tissue (BAT). Increased expression and activity of SIRT3 is impor-
tant for the adaptation of different physiological processes in these tissues and organs.
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FiGURE 2. Biological functions of SIRT1. Resveratrol, caloric restriction and exercise (scuba diving?) can induce SIRT1, leading to
changes of many biological functions in different organs and tissues. CV - cardiovascular.

that scuba diving induces oxidative stress in the
human organism. Oxidative stress could have
harmful effects related to the free radicals accu-
mulation, but on the other hand, ROS could acti-
vate various signalling pathways and the genes
expression including SIRTs. It is reasonable to as-
sume that scuba diving-induced oxidative stress
increases SIRTs expression which leads to the ex-
pression and activation of antioxidant enzymes,
but it might change other physiological functions
related to SIRTs. Schematic presentation of the po-
tential connection between scuba diving and
SIRTs, together with many age-related diseases
linked to the activity of SIRTs is shown in Figure 3.
Therefore, the question is whether scuba diving
increases resistance to oxidative stress and has
positive effect on health and lifespan or not.

http://dx.doi.org/10.11613/BM.2014.026

Cardiovascular response to scuba diving

During the scuba dive, divers are exposed to nu-
merous factors which may affect haemodynamics
and CV function. The mechanisms of CV adapta-
tion during a dive are still unclear, but diving-in-
duced oxidative stress and increase in SIRTs ex-
pression could be an important factor. Animal
model studies have shown significant increase in
SIRT1 and SIRT3 expressions in the heart during
stress conditions (54,55) as well as an increase in
SIRT1 protein levels in vascular endothelial cells af-
ter acute exercise and caloric restriction (56,57). It
can be assumed that scuba diving could also in-
duce expression of SIRTs and hence inhibit unde-
sirable CV stress effects.

Biochemia Medica 2014;24(2):235-47
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FiGure 3. Schematic presentation of the potential connection between the increase in ROS production during dives and an increase
of expression or activation of sirtuins, along with many age-related diseases linked to the activity of sirtuins.

SIRT1 and SIRT3 protect cardiomyocytes via in-
crease of CAT and SOD2 expression (54,58), but
also SIRT1 suppresses inflammatory processes in
the heart (59), whilst SIRT3 has an important role in
the regulation of cardiac energy metabolism (42).
Therefore, SIRTs and their effects provide the
mechanisms for cardiac adaption to the stress con-
ditions. Additionally, SIRT1 plays a critical role in
regulation of vascular/endothelial homeostasis
and remodelling (60); it stimulates angiogenic ac-
tivity of endothelial cells (61) and stimulates eNOS
activity which leads to an increase of nitric oxide
(NO) production (31). This indicates that SIRT1
could be an important regulator of the vascular re-
sponse to scuba diving.

However, whether induced SIRTs expression can
have a lasting effect in CV protection, thus repre-
senting a prevention of the upcoming harmful ef-
fects is still unclear. It should also be taken in con-
sideration that SIRTs through their multiple targets
stimulate or suppress many other important CV

Biochemia Medica 2014,;24(2):235-47

processes. Although the significant efforts have
been invested in identification of mechanisms and
agents which could induce the expression and ac-
tivation of SIRTs, many signalling pathways still re-
main to be discovered.

Changes in the CV function have been observed
after the dive, and many of these changes accom-
pany other types of exercises either for recreation-
al or professional sports. Studies on divers have re-
ported that one single dive as well as successive
dives induces alterations in vascular/endothelial
function (assessed by imaging tests) (9,14,62). How-
ever, it is unclear to what extent these changes in
divers are similar or different to the changes in vas-
cular endothelial functions observed in other pro-
fessional or recreational athletes. (63). Recent stud-
ies have shown an increase in NO production (as-
sessed by plasma nitrite levels) 3 hours after diving
(7.8) and decrease in plasma endothelin-1 (ET-1)
concentration immediately and 3 hours after div-
ing, whilst vascular endothelial growth factor

http://dx.doi.org/10.11613/BM.2014.026
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(VEGF) concentration increased after diving and
returned to initial values 3 hours after diving (8).
VEGF is a major contributor to the angiogenesis
and up-regulation of VEGF is an important compo-
nent of the physiological response to exercise. In-
crease of NO, as a major vasodilator and reduction
of ET-1, a powerful vasoconstrictor, has positive ef-
fects on the CV system. Therefore, these data indi-
cate protective effects of scuba diving on vascular
disorders in whose background are possible SIRTs.
On the other hand, two other studies found no dif-
ference in levels of plasma nitrite (14) and plasma
ET-1 (64) before and after successive dives. The
possible causes of the observed discrepancies are
differences between the study design and differ-
ences between the used tests.

In addition to the aforementioned asymptomatic
changes of cardiovascular function, several studies
have shown an increase in levels of B-type natriu-
retic peptide (BNP) and N-terminal proB-type
natriuretic peptide (NT-proBNP) after diving (65-
67). It is important to mention that a significant in-
crease in BNP or proBNP after exposure to HBO
(68) and simulated diving (69), and also even after
studying the effects of immersion (70) and expo-
sure to cold (71) was not observed. Considering
these data and the fact that numerous studies
have shown an increase of BNP levels after exer-
cise (72-76), it is evident that physical activity plays
an important role in BNP increase after diving.

Physical activity is obviously one of the key causes
of CV stress in divers. However environmental con-
ditions such as hyperoxia, increase in the ambient
pressure, cold exposure, effect of immersion, for-
mation of intravascular bubbles and psychological
stress present in scuba diving can also contribute
to CV stress. An acute exposure to above men-
tioned conditions can result in cardiovascular dis-
order and could be fatal. On the other hand, grad-
ual exposure and consequential CV stress can re-
sult in improved resistance not only of CV function
but also of the whole organism. SIRTs certainly
have a major role in the adaptation mechanisms.
Still there are no proven strategies to reduce exer-
cise related cardiac events and consequently no
proven strategies that could be confidently ap-
plied to diving.

http://dx.doi.org/10.11613/BM.2014.026

Thus, at the end the question remains: whether
and if yes, under which circumstances, scuba div-
ing improves or deteriorates CV function, and
which mechanisms are involved in this story? We
hope that future research will be able to offer the
answers.

Future directions and perspectives

Scuba diving-induced oxidative stress is an inter-
esting and still largely unexplored area. SIRTs, “mo-
lecular traffic lights in the crossroad of oxidative
stress” (20), due to their connection with the ex-
tended lifespan have “celebrity” status in the re-
search field of aging and many aging-related dis-
eases (24). Although numerous studies have given
a great contribution to the role and the signifi-
cance of SIRTs in exercise-induced oxidative stress,
still, there is no a single study on SIRTs in scuba
diving. Scuba diving represents one of the possi-
ble models which include mechanisms that can in-
crease the expression and activation of SIRTs. How-
ever, it remains unclear how environmental condi-
tions under water may contribute to the increased
expression or activation of SIRTs. Similarly, little is
known on how production of free radicals de-
pends on the diving depth and the duration of ex-
posure to high pressure environment, cold as well
as the type of breathing gas (air, nitrox, trimix etc).

It should be mentioned that diving with the nitrox
due to lower ratio of nitrogen, compared with the
air, reduces the possibility of gas bubble formation
as well as the risk of diving DCS. This effect accel-
erates decompression and extends the diving
time, which results in growing popularity of recre-
ational scuba diving with nitrox as opposed to scu-
ba diving using air. However, nitrox diving has a
potential, but not sufficiently explored negative
side which is associated to the exposure to higher
oxygen pressure in contrast to air diving (14).
Therefore, the unexplored questions are: a) what
happens to the formation of free radicals, antioxi-
dant defence enzymes, CV biomarkers and SIRTs
after the intense physical activity under water; b)
what happens in the same conditions but without
the increased physical activity and ¢) what hap-
pens in the same conditions but with using differ-
ent breathing gases.

Biochemia Medica 2014;24(2):235-47
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Regular exercise leads to the upregulation of the
antioxidant defence, which helps to reduce oxida-
tive stress that can occur after acute exercise (2).
So, one of the important aspects of scuba diving,
as well as of other forms of exercise, is its frequen-
cy. Measurements of oxidative damage markers
and other parameters linked to the oxidative and
CV stress following the repeated dives, may offer
valuable information on how often scuba diving
should or should not be practiced. Additionally,
due to the increasing popularity of scuba diving
and the growing prevalence of CV diseases in the
world, the impact of diving on CV function is very
important (77,78). Research in this direction could
provide a powerful tool for medical evaluation of
potential divers.

Differences in the design of research studies on
exercise-induced oxidative stress represent a huge
problem in the evaluation of their results. Further-
more, measurement of different markers of oxida-
tive damage, antioxidant defence enzymes and CV
biomarkers, as well as the differences in the used
tests and the sampling time after the exercise, all
pose another difficulty in making reliable inferenc-
es in the research of exercise-induced oxidative
stress. In future, defining standardized guidelines
and recommendations for the studies dealing with
exercise-induced stress, will be needed.
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