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Polish Naval Academy, Śmidowicza 69 Str., 81-127 Gdynia, Poland; p.siermontowski@amw.gdynia.pl

4 Department of Physiotherapy and Health Sciences, Faculty of Dietetics, Gdańsk College of Health,
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Abstract: Heat shock proteins (HSPs) have protective effects against oxidative stress and decompres-
sion sickness. Nitric oxide may reduce bubble formation during decompression and its activity is
regulated by HSPs. A simulated dive can cause the HSP response. The aim of this study was to
describe the effect of simulated dives on the antioxidant system, HSPs, and nitric oxide synthase
response and demonste the relationship between the concentration of HSPs and the intensification
of oxidative stress. A total of 20 healthy professional divers took part in training, consisting of
simulated dry dives in a hyperbaric chamber and split into experiment I (30 m exposure, 400 kPa)
and experiment II (60 m exposure, 700 kPa) over 24 h. The activities of superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GPx) and the concentrations of malondialdehyde (MDA),
heat shock protein 70 (HSP70), heat shock protein 90 (HSP90), endothelial (eNOS) and inducible
(iNOS) nitric oxide synthase were measured. Increases in the activity of SOD and MDA concentration
were demonstrated. The activity of GPx depended on the dive profile. The HSP70 serum level in
both experiments was significantly lower after the dives. The mean HSP90 level was significantly
higher after the simulated dive at 60 m. A significant relationship between HSP concentration and
SOD/GPx activity was demonstrated. eNOS concentration increased after 60 m exposure. No change
in iNOS concentration was observed. In conclusions, the simulated dive significantly affected the
antioxidant system, heat shock protein expression and nitric oxide synthase; however, the changes
depend on the diving conditions. There is a relationship between the expression of HSPs and the
intensity of oxidative stress.

Keywords: oxidative stress; simulated diving; diving physiology; heat shock protein; nitric
oxide synthase

1. Introduction

Diving is an underwater sport activity, but it can also be used for well defined, specific
professional purposes, practiced by highly specialized divers. Simulated dives take place in
a hyperbaric chamber, do not require physical effort from the diver and consist of changes
in pressure in the chamber, corresponding to the pressure at a suitable depth underwater.
This type of diving, among others, is used during diving training.

There are several classes of hazards inherent to the underwater environment (high
ambient pressure, which could cause barotrauma [1], bubble formation risk and decom-
pression sickness [2], hypothermia [3], etc.). There are also several physiological problems
such as protection from hydrostatic pressure changes, changes in breathing gas density, the
narcotic effect of inert gases and decompression sickness (DCS) [4]. The major effects of
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pressure changes depend on water depth. This is extremely important because the lungs
may therefore experience significant changes in volume, especially with rapid changes in
depth [5]. This may cause very important problems, particularly during an uncontrolled
ascent, such as barotrauma or decompression illness (DCI).

During the dive, an increase in the partial pressures of gases (e.g., O2, N2, etc.) is
observed [5]. Diving is a special form of activity which induces oxidative and nitrosative
stress [6,7]. Under stressful or pathological conditions (e.g., oxidative stress), various el-
ements such as heat shock proteins (HSPs) play a cytoprotective role [8–10]. Heat shock
proteins are the most highly conserved stress response proteins over evolutionary his-
tory [11,12]. HSPs are multifunctional and closely interact with the antioxidant system
and the nitric oxide generation system [13–15]. A deficiency or excess of antioxidants
modulates the activation of heat shock transcription factor (HSF-1) and subsequent HSP70
biosynthesis [16]. HSF-1 can be activated by oxidative stress and increases the synthesis of
protective HSPs.

The induction of HSP70 expression alleviates air embolism-induced lung injury and
reduces the severity of DCS after hyperbaric exposure [17], which can be very useful
in preventing DCS. The induction of HSPs may be also the cause of decreased bubble
formation in all kinds of DCI as a result of the beneficial effects HSPs exert on endothelial
cells and the interaction with the metabolic pathways of NO [18]. HSP70 also protect
cells against damage induced by ischemia and inflammation and confers injury tolerance.
HSP70 may reduce bubble formation, but the exact molecular mechanism is unknown.
Perhaps the protective effect of HSP on the endothelium could be used to treat the new
COVID-19 disease [19,20].

HSP90 can affect the proteolysis of endothelial nitric oxide synthase (eNOS, the pri-
mary source of NO in endothelial cells). The association between HSP90 and eNOS
maintains the enzyme in a coupled state in which eNOS produces nitric oxide but not
super-oxide anions [21]. An increase in HSP90-eNOS association leads to an increase in
NO generation. The reaction between NO and O2

− leads to the generation of peroxynitrite
(ONOO−), which can cause endothelial cell dysfunction and lead to eNOS uncoupling [22].

Inducible nitric oxide synthase (iNOS) contributes critically to inflammation and host
defense. iNOS expression is induced by endotoxins and cytokines. HSP90 is essential
for iNOS gene transactivation and HSP70 is required for IKK (IκB kinase) activation and
STAT1/IRF-1 (signal transducer and activator of transcription 1/interferon regulatory
factor 1) promoter binding amid iNOS gene transactivation [23,24]. A significant impact of
hyperbaric exposure on endothelial function, NO and peroxide production was confirmed
in earlier research by Kozakiewicz [25].

There is no detailed data on HSPs and NOS protein expression in people who dive
and are exposed to high pressure. The available results relate mainly to research on cell
lines. We decided to study the effect of simulated diving on human HSP70 (HSPA1),
HSP90 (HSP90α, inducible isoform), eNOS and iNOS serum concentrations of healthy,
professional and experienced firefighters. We attempted to investigate selected parameters
of oxidative stress such as superoxide dismutase (SOD1, E.C. 1.15.1.1), catalase (CAT,
EC 1.11.1.6), glutathione peroxidase (GPx, EC 1.11.1.9) and malondialdehyde (MDA) to
determine the effect of simulated diving on the antioxidant system, relative lipid damage
and assess the relationship between these parameters and the HSP concentration—the
possible antioxidant factor.

2. Materials and Methods
2.1. Bioethics Commission

The Bioethics Commission of the Collegium Medicum in Bydgoszcz of Nicolaus
Copernicus University in Torun (KB/402/2004) has agreed to carry out this study. The
research has been complied with all the relevant national regulations, institutional policies
and in accordance with the tenets of the Helsinki Declaration.
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2.2. Subjects

A total of 20 healthy professional divers (firefighters) took part in this study (in
experiments I and II—30 msw (meters of sea water) and 60 msw exposures). All participants
were men aged 25–38 years old. Detailed data are presented in Table 1. All divers were not
subjected to high-pressure exposure for at least 72 h before our hyperbaric studies. They
also did not take any medications or consume alcohol (but not 72 h (min.) before the test)
and are not cigarette smokers. All participants followed similar diets without supplements
with antioxidants. Due to their work as professional firefighters, the participants were fit
and did not report any problems with physical performance.

Table 1. Demographic and medical characteristics of experimental group.

N = 20

Mean ± SD Median Min–Max

Age (years old) 31.5 ± 4.1 32.0 25–38
Height (cm) 177.6 ± 6.6 176.5 165–190

Body weight (kg) 85.6 ± 12.8 81.4 68.9–103.7
BMI (kg/m2) 24.2 ± 2.3 23.9 22.5–28.4
ALT (IU/L) 28.1 ± 14.7 27.0 14.0–83.0

Bilirubin (mg/dL) 0.8 ± 0.3 0.7 0.2–1.3
Glucose (mg/dL) 96.1 ± 10.0 98.0 75.0–110.0

Creatinine (mg/dL) 0.9 ± 0.1 0.9 0.7–1.2
eGFR (MDRD) (mL/min/1.73 m2) 107.7 ± 17.0 108.4 74–143

2.3. Protocol

There were two studies undertaken where subjects were exposed to hyperbaric condi-
tions in a hyperbaric chamber, simulating the first 30 m depth of sea water (max. 400 kPa
(4 ATA, ~3000 mm Hg), which corresponds to ~630 mm Hg oxygen at max. depth; experi-
ment I) and 60 m depth after 24 h (max. 700 kPa (7 ATA, ~5250 mm Hg), which corresponds
to ~1102 mm Hg oxygen at max depth; experiment II), with oxygen decompression in
both cases (pure oxygen was used for accelerated decompression). Decompression tables
of the Polish Navy were used (Polish Navy 860/81). Exposure at 30 m lasted for a total
of 54 min (with decompression and plateau time). Exposure at 60 m lasted for a total of
219 min. The profiles of exposures are presented in Figure 1. To reduce the risk of DCS
symptoms (also popularly known as “bends”), 33 and 63 m decompression protocols were
used. Hyperbaric exposure was carried out in cooperation with the Institute of Maritime
and Tropical Medicine of the Military Institute of the Health Services in Gdynia, Poland.
Exposure was conducted by a qualified medical and technical employee at the Institute of
Diving Equipment and Underwater Technology of the Polish Naval Academy in Gdynia.

2.4. Blood Sampling

Initial blood samples were collected before exposure in the hyperbaric chamber. Imme-
diately after blood collection, the divers performed a simulated exposition at a maximum
depth of 30 or 60 m. The second blood collection was carried out immediately after decom-
pression. All blood samples were drawn from the antecubital vein of subjects directly into
vacuum tubes with silica as a clotting activator to obtain serum or with EDTA to obtain
erythrocytes. Phlebotomy was performed only by qualified medical staff. After coagulation
at a room temperature for 30 min, the fibrin cloth and the blood cells were removed by
centrifugation for 10 min at 2000× g. The serum samples were frozen at −80 ◦C until
assayed. Red blood cells were obtained from EDTA whole blood for the determination of
enzyme activity.
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Figure 1. The dive profiles—30 m (A) and 60 m (B). The time of stay at depths of 30 and 60 m,
including the time of the descent. Decompression stations are marked.

2.5. Measurement and Analysis

The HSP70, HSP90, eNOS and iNOS serum levels were determined in duplicate by
commercially available ELISA (enzyme-linked immunosorbent assay) kit (Cloud-Clone
Corp., Houston, TX, USA), according to the manufacturer’s instructions. The microplates
were washed with an automatic microplate washer (BioSan Microplate INTELIWASHER
3D-IW8, Biosan SIA, Rı̄ga, Latvia). The absorbance of ELISA test results were read by a
standard microplate reader (SPECTROstar Nano, BMG LabTech, Ortenberg, Germany)
at 450 nm. The activities of SOD, CAT and GPx were determined in erythrocytes. The
hemolysate was obtained by rinsing erythrocytes four times in 0.9% NaCl solution, and
then the cells were lysed with cold deionized water. Due to the determination of enzyme
activity in erythrocyte hemolysate, the results were converted into one gram of hemoglobin
(to standardize the results). SOD was measured according to the method by Misra and
Fridrovich (λ = 480 nm) [26], CAT according to Beers and Sizer’s method (λ = 240 nm) [27]
and GPX using Paglia and Valentine’s (1967) method (λ = 340 nm) by Kozakiewicz in earlier
research. MDA concentration was also determined in erythrocytes according to Placer
et al.’s method (λ = 532 nm) [28].
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2.6. Statistical Analysis

All statistical procedures were conducted using GraphPad Prism 8.0.1 Software
(GraphPad Software, San Diego, CA, USA). All results are expressed as mean ± SD (stan-
dard deviation). A nonparametric Wilcoxon test was used to compare the pre-dive and
post-dive HSP70, HSP90, and eNOS levels and pre-dive and post-dive SOD, CAT and
GPx activities. A p < 0.05 was considered as significant. The results are presented as a
percentage of the control value. Correlation analyses were also carried out.

3. Results
3.1. SOD Activity

The mean post-dive SOD activity in experiment I was 105.3% of the pre-dive value.
This was statistically significant, with p = 0.001 (Figure 2). In experiment II, the mean post-
dive SOD activity increased to 112.2%. This was statistically significant, with p < 0.0001
(Figure 3). There was also a significant increase in SOD activity before experiment II
in relation to the values after experiment I from the previous day (108.0%; p = 0.026).
An increase in SOD activity to 115.0% (p = 0.004) was also observed as compared to the
values before experiment I (baseline value before hyperbaric exposures) (Figure 4). These
data indicate an increase in antioxidant activity after hyperbaric exposures, related to
oxidative stress.
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Figure 4. Long-term effects of experiment I. The activity or concentration of biochemical parameters
before the exposure of 60 m in relation to the values before and after the first experiment I (exposure
of 30 m) (* p < 0.05, ** p < 0.01, ns = p > 0.05).

3.2. CAT Activity

The mean post-dive CAT activity in experiment I was slightly higher (104.0%; p = 0.458)
than the pre-dive value (Figure 2). In experiment II, the mean post-dive CAT activity was
110.5% (p = 0.779) of the control value (Figure 3). Due to the small study group, the results
should be interpreted carefully. The influence of hyperbaria on CAT activity was not clearly
determined in our study. A slight increase in CAT activity before experiment II in relation
to I was observed but without statistical significance (p = 0.155). This value was also higher
than the level before the first experiment, with borderline statistical significance (p = 0.050)
(Figure 4).

3.3. GPx Activity

After experiment I, GPx activity decreased slightly to 96.8% (p = 0.040) (Figure 2). In
experiment II, GPx activity increased to 111.0% (p < 0.0001) (Figure 3). These data indicate
an increase in antioxidant activity after hyperbaric exposure only in experiment II, related
to oxidative stress. There were no differences in the activity of GPx before experiment II in
relation to the values obtained after experiment I or in relation to the baseline value before
experiment I (Figure 4). These data indicate increased antioxidant activity following deeper
(60 m) exposures.

3.4. MDA Concentration

Malondialdehyde concentration increased significantly to 110.2% after experiment I
(p = 0.009) (Figure 2) and to 135.0% after experiment II (p < 0.0001) (Figure 3). This, together
with the activity of antioxidant enzymes, indicates an increase in oxidative stress with lipid
damage after both hyperbaric experiments. A significant decrease in MDA concentration
(to 75.6%; p = 0.006) was demonstrated between the end of experiment I and the beginning
of experiment II. A borderline significant decrease in MDA concentration was also observed
as compared to the value before experiment I (84.4%; p = 0.050) (Figure 4).

3.5. HSP70 Serum Level

The mean post-dive HSP70 concentration in experiment I was 69.8% of the pre-dive
value (p = 0.019) (Figure 2) and 71.9% in experiment II (p = 0.018) (Figure 3). Interestingly,
in experiment II, a clear upward trend was observed between experiment I and before
experiment II the next day (121.7%), but without statistical significance (p = 0.575). An
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insignificant decrease in the HSP70 concentration was also observed as compared to the
value before experiment I (64.0%; p = 0.114) (Figure 4).

3.6. HSP70 and CAT Correlation

Despite the fact that no significant increase in CAT activity was demonstrated and
there was a decrease in HSP70 concentration, an interesting correlation was observed
between HSP70 and CAT. The greater the increase in CAT activity, the higher the HSP70
concentration (and the smaller decrease in HSP70 concentration after exposure at the same
time). This suggests the role of HSP70 in oxidative stress.

3.7. HSP90 Serum Level

The serum HSP90 protein concentration after 30 m exposure did not change signifi-
cantly, although a clear upward trend was observed (122.9%; p = 0.091) (Figure 2). HSP90
concentration after exposure to 60 m increased significantly to 122.5%, p = 0.003, smaller
SD (Figure 3). This shows that hyperbaric exposure has an effect on the concentration of
extracellular HSP90, especially longer, using higher pressures. There was no significant
effect of long-term exposure of 30 m on the concentration of HSP90 (Figure 4).

3.8. HSP90 and SOD, GPx Correlation

Pre-exposure HSP90 concentration correlated significantly negatively with SOD activ-
ity after 30 m exposure (r = −0.58, p < 0.05). The higher the concentration of HSP90 was
before the dive, the lower SOD activity after the dive (Figure 5A). A similar relationship
was observed after a 60 m dive, but without statistical significance (r = −0.27, p > 0.05)
(Figure 5B). Pre-dive HSP90 also showed a negative correlation with GPx activity before
and after diving (Figure 6). It suggests a protective role for HSP90 and/or a reduced release
from cells and the reduction in extracellular HSP90 fraction.
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p < 0.05; after diving r = −0.81, p < 0.05), 30 m exposition.

3.9. eNOS Serum Level

Serum eNOS protein concentration after 30 m exposure did not change significantly
(98.8%; p = 0.749) (Figure 2). In experiment II, the mean post-dive eNOS level was 122.5%
of the pre-dive value (p < 0.001) (Figure 3). This suggests a significant effect of hyperbaric
exposures on the serum concentration of eNOS and it may indirectly indicate an effect on
endothelial function. There were no significant correlations between the concentration of
heat shock proteins and eNOS. There was also no difference in the concentration of eNOS
between the end of experiment I and the beginning of experiment II (90.6%; p = 0.050). A
significant difference was found in relation to the initial value, before experiment I (87.0,
p = 0.016) (Figure 4).

3.10. iNOS Serum Level

Serum iNOS protein concentration was determined only in experiment II. The concen-
tration after 60 m exposure did not change significantly (99.0%; p = 0.927) (Figure 3). iNOS,
under the tested conditions, probably does not play a significant role, unlike eNOS.

4. Discussion

Diving is a very specific model for studying human physiology. The impact of diving
on oxidative stress has been confirmed in many studies [29,30]. Due to lack of data from
real conditions, we decided to investigate the effect of simulated diving on HSPs and
NOS expression among divers. This is the first time the tested oxidative stress parameters,
HSPs and eNOS/iNOS concentration, have been described together in humans in real
experimental simulated dives (apart from the study by Cialoni et al., where the authors
assessed the concentrations of nitrates, nitrites and total plasma antioxidant capacity (TAC)
before, during and after a single SCUBA dive). The available data indicated that HSPs may
have an impact on the antioxidant system, the development of oxidative stress and the
course of DCI [17,31,32].

Our results showed that the HSP70 serum level decreased after 30 m simulated diving,
which is very interesting. A similar relationship was observed after 60 m diving. This
is an interesting observation, as other authors of single publications noted the increase
in HSP70 concentration in serum, in research on cell lines or, e.g., leukocytes [33–35].
Interestingly, an increase was observed before experiment II (in relation to I), suggesting
a physiological return to baseline later. Both experiments reduced the concentration of
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HSP70, and the gap between them was perhaps too short for a complete return to the
baseline. The initial decrease is perhaps related to reduced HSP expression or a decreased
release from the cells as an extracellular fraction. The dive conditions may have had a large
influence on the expression of HSP70. Djurhuus et al. show that the simulated dive at
26 bar, corresponding to a depth of 250 msw (meters of sea water) had a potentiating effect
on HSP70 expression in human umbilical vein endothelial cells (HUVEC) [33]. However,
the pressure was much higher and the experiment lasted for 24 h. The same authors
show, in contrast to our results, that a simulated dive had no significant potentiating
effect on the HSP90 level. We showed that the HSP90 level increased after diving, both
at 30 and 60 m, while after 30 m it was not statistically significant. An increase in serum
HSP concentration was also observed after simulated deep dives in Navy divers with
Heliox gas mixture. Lee et al. observed that the HSP70 level increased after diving (not
significantly; p = 0.07; n = 19), but only divers with less than 3 years of diving experiences
showed a significant increase in HSP70 after simulated deep diving [34]. This may suggest
that diving experience and acclimatization is important. It is very difficult to compare the
results to other, identical studies. Each experiment was also designed differently and was
carried out in completely different conditions. We can only draw general conclusions and
mark the trend of changes in the expression of HSP. The decrease in the concentration of
HSP70 is interesting. We could not determine the dynamics of changes after a certain time.
The concentration increases later (HSP70 in experiment I vs. II) and the initial decrease
may be a compensatory mechanism in response to high pressure and oxidative stress. In
our study, blood was collected immediately after the end of the dives. The moment the
material was collected for testing can therefore significantly affect the interpretation of
the results. Taylor et al. observed a decrease in HSP70 expression in peripheral blood
monocytes after simulated diving in a hyperbaric chamber in six healthy men (previously
not exposed to hyperbaric exposures) [36]. Blood samples were taken 42 min after exposure
and later after 4 h and 42 min. A decrease in HSP70 expression in monocytes was observed
in both samples but in blood monocytes collected later, HSP70 expression was already
close to the baseline observed before exposure [36]. This indicates a delayed increase in
HSP70 concentration.

The expression of HSP90 has not been studied in terms of diving and oxidative stress.
There is only publication available on this topic. We decided to study the changes in HSP90
concentration after dives and see if this protein can serve as an indicator of stress in divers.
In one study from the USA, where US Navy sailors were tested, a 28% increase in HSP90
concentration was also observed on day 5 compared to day 1 after diving. Six-hour dives
took place in a 4.57 m pool for 5 days [37]. For HSP90, we did not observe a significant
long-term effect of the first exposure. Before the second experiment, the level of HSP90 was
close to the baseline. This observation seems to be in line with the results obtained in US
Navy sailors who only showed a slight increase in HSP90 after 5 days.

Our results showed that the hyperbaric exposures caused an increase in the activity of
antioxidant enzymes such as SOD and GPx, although the activity of GPx decreased slightly
after the first experiment. We showed no significant effect of the first experiment on GPx
activity before the second (Figure 3). Except for this observation, which may be due to the
shorter exposure time, this is in line with generally accepted knowledge. The reduction in
GPx activity is consistent with the data obtained from people diving in real conditions to
a depth of 40 m [38]. The increase in SOD activity before experiment II in relation to the
values before and after experiment I from the previous day indicates the preconditioning
effect of diving lasting for a long time (Figure 3). There was no significant increase in CAT
activity, but this was most likely due to the small size of the study group or the conditions
of our experiment; clear growth occurred later.

Despite this, an interesting correlation between HSP70 and CAT was observed. The
greater the increase in CAT activity, the smaller the decrease in HSP70 concentration. This
indicates the involvement of HSP70 in defense mechanisms against oxidative stress.
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A correlation was found between HSP90 serum concentration before diving and SOD
activity in erythrocytes after diving (Figure 5). The higher the pre-dive HSP90 concentration,
the lower the post-dive SOD activity. We also showed a significant relationship between the
HSP90 concentration and GPX activity. Pre-dive HSP90 showed a negative correlation with
GPx activity before and after diving. People who had higher HSP90 levels had lower GPx
activity. Our results show that HSPs and antioxidant enzymes were induced as a protective
mechanism and HSPs may be involved in antioxidant protection. Xia et al. showed a
negative correlation between HSP70 and SOD/GPx activity in gasoline workers exposed
to oxidative stress [39]. The exact role of HSP in regulating oxidative stress is not fully
understood, but for sure, HSP and antioxidant enzymes work together for cellular defense
and ROS modulate HSP expression [40]. HSP70 can also regulate cellular redox status
through modulating the activities of the GSH-related enzymes (e.g., GPx), which may be
an important and critical mechanism for the cytoprotective effect [41]. HSP90 may have a
similar effect. It should be noted that the exact role of HSP in serum (extracellular HSPs)
is unknown. We used this material as it was easy to obtain and practically unstudied. As
is known, gene expression need not be associated with protein biosynthesis. All data and
results show that changes in HSP expression are useful markers for stress responses and
may be useful for testing the barotolerance of divers.

When diving, divers are exposed to various external influences, which may affect
cardiovascular function. We decided to investigate how hyperbaric exposures under the
described conditions affect the concentrations of eNOS and iNOS in divers’ serum. There is
practically no research available on this subject. Only after the simulating dive to 60 m did
the eNOS level increase significantly; iNOS remained unchained. This increase in eNOS
concentration seems to be in agreement with Kozakiewicz’s (the same conditions and the
same group of firefighters) [25] and Theunissen et al.’s [38] observations, who observed an
increase in circulating NO for the simulated or breath-hold diving (which causes significant
hemodynamic changes), but not scuba diving at a depth of 20 m. Rahma et al. indicated
that eNOS serum level decreased in the air diving group, whereas it increased in the
Nitrox II (36% oxygen) group, at a higher oxygen concentration [42]. In our study, we did
not find any changes in iNOS serum concentration. Sureda did not observe changes in
neutrophil iNOS concentration after the dives at 50 m depth (for a total time of 35 min), but
nitrite levels, which are indicative of iNOS activity, progressively increased after diving
and recovery [7]. Importantly, despite the increase in eNOS protein concentration after
60 m exposure, the values before the second hyperbaric exposure were lower (Figure 4).
Probably, during a simulated dive, the expression of eNOS increases; however, after its
completion, the concentration of eNOS decreases even below the baseline values (maybe as
a rebound effect).

In our experiment, we found no correlation between the antioxidant enzymes, MDA,
HSP concentration and the NOS protein concentration. This is not a sign of their absence.
HSP90 maintains eNOS enzyme in a coupled state, which is important for its biological
activity and HSP70 is essential for the activation of the iNOS gene [21,23]. However, we
did not show these relationships in blood serum after simulated dives under the described
conditions. Cialoni et al. noticed an increase in serum NO concentration at the maximum
depth (40 m), but did not observe it after surfacing, indicating very rapid changes in NO
concentration [43]. Perhaps a similar relationship would be observed if blood samples were
taken while divers were in a hyperbaric chamber.

It has been suggested that repeated compression and decompression cycles reduce
diver susceptibility to DCS and dive training would reduce bubble formation and modulate
endothelial function. Pontier indicated that repeated dives and regular physical activity
reduce bubble formation and probably have a protective effect against DCS risk [44]. A
NO-dependent change in the surface properties of the vascular endothelium favoring
the elimination of gas micronuclei has been suggested to explain this protection against
bubble formation. NO probably reduces the possibility of bubble precursors becoming
attached to the vessel wall. Their formation is increased by NO inhibition in sedentary (but



Antioxidants 2022, 11, 1008 11 of 13

not in exercised) rats, suggesting the existence of other pathways, e.g., HSP-dependent
ones [45]. It has been demonstrated that heat shock pre-treatments before diving enhanced
the expression of HSP70 and can protect rats from lung injury due to air embolism [17].
The link between ROS, HSP, and NOS and endothelial function can also play a role.

Our study was based on a simulated dive model and it does not include the effect
of immersion in water, as for SCUBA dives. This is probably the main reason for the
differences between the results of our study and the results obtained by other authors,
where divers were examined after real dives with water immersion. Our study, due to
its very unique nature, was limited to a small study group; however, it is comparable
to other studies. Thus, the obtained results must be interpreted carefully. We also did
not investigate biochemical changes at the mRNA level. Therefore, we cannot conclude
whether the changes result from a change in gene expression or, for example, from the
protein release from cells.

5. Conclusions

The results of our research show that hyperbaric exposures significantly affect the
expression of HSP and NOS, and indirectly the function of the endothelium. Diving
in simulated conditions clearly increases the activity of antioxidant enzymes and has a
significant impact on endothelial function. The changes in NO concentration, activity and
NOS concentration, reported earlier, depend, as in the case of HSP, on the conditions of
the experiments. It seems that increased HSP expression can be used as a stress biomarker
in divers and plays a role in antioxidant mechanisms. Importantly, both HSP and NOS
expression, the availability of free NO molecules and the interaction of HSP, NOS and
antioxidant enzymes may play important roles in endothelial pathophysiology and the
treatment of DCS or other diseases with endothelial dysfunction. Certainly, the changes
depend on the diving conditions.
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