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Human Physiological Responses to a
Single Deep Helium-Oxygen Diving

Xiao-Chen Bao't, Quan Shen?t, Yi-Qun Fang' and Jian-guo Wu?

" Department of Diving and Hyperbaric Medicine, Naval Medical Center, Shanghai, China, ? Department of Hyperbaric
Medicine, Naval Hospital of Eastern Theater, Zhejiang, China

Objective: The objective of this study was to explore whether a single deep helium-
oxygen (heliox) dive affects physiological function.

Methods: A total of 40 male divers performed an open-water heliox dive to 80 m of
seawater (msw). The total diving time was 280 min, and the breathing helium-oxygen
time was 20 min. Before and after the dive, blood and saliva samples were collected,
and blood cell counts, cardiac damage, oxidative stress, vascular endothelial activation,
and hormonal biomarkers were assayed.

Results: An 80 msw heliox dive induced a significant increase in the percentage of
granulocytes (GR %), whereas the percentage of lymphocytes (LYM %), percentage
of intermediate cells (MID %), red blood cell number (RBC), hematocrit (hCT), and
platelets (PLT) decreased. During the dive, concentrations of creatine kinase (CK),
a myocardial-specific isoenzyme of creatine kinase (CK-MB) in serum and amylase
alpha 1 (AMY1), and testosterone levels in saliva increased, in contrast, IgA levels in
saliva decreased. Diving caused a significant increase in serum glutathione (GSH) levels
and reduced vascular cell adhesion molecule-1 (VCAM-1) levels but had no effect on
malondialdehyde (MDA) and endothelin-1 (ET-1) levels.

Conclusion: A single 80 msw heliox dive activates the endothelium, causes skeletal-
muscle damage, and induces oxidative stress and physiological stress responses, as
reflected in changes in biomarker concentrations.

Keywords: diving, heliox, endothelial (dys)function, oxidative stress, physiological stress

INTRODUCTION

Adverse environmental conditions, such as elevated ambient pressure, immersion, cold, hyperoxia,
and changes in breathing-gas characteristics, cause stress during diving (Pendergast et al., 2015). To
maintain homeostasis, the body activates molecular mechanisms that lead to functional adaptations
in, for instance, the heart, lung (Skogstad et al., 2002), muscles (Zarak et al., 2021), blood vessels
(Guerrero et al., 2020), and activation of the immune system (Sureda et al., 2014).

Several asymptomatic changes occur following a dive. Single recreational scuba diving (30 m
depth) (Zarak et al., 2020) and technical diving (55-80 m depth) (Marinovic et al., 2010) trigger
the changes in biomarkers of cardiac damage and vascular endothelial activation. Changes in
lung diffusion properties, reduction in spirometric parameters, and accumulation of extravascular
lung water were detected following dives to depths of 50-80 m (Marinovic et al., 2010). Both
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cold and depth contributed to the adverse effects of a single
compressed-air dive (50 m depth) on pulmonary function
(Tetzlaff et al, 2001). Reactive oxygen species (ROS) are
involved in the vascular impairment linked to endothelial
dysfunction during scuba dives (55-80 m depth) (Obad
et al, 2010). Levels of physiological stress markers, such
as the stress hormones, prolactin (Anegg et al, 2002), and
cortisol, increased with immersion depth (1-30 m depths)
(Zarezadeh and Azarbayjani, 2014).

Helium is less soluble and more diffusive than nitrogen.
Helium-oxygen (heliox) mixtures are used as a breathing
medium during deep dives to avoid the narcotic effects of
nitrogen under pressure. Endothelial dysfunction in pulmonary
circulation was found in rats following a single simulated heliox
dive (Berenji Ardestani et al., 2019). There are few studies on the
effects of heliox diving on human physiological functions. Acute
endothelial dysfunction in the large conduit arteries occurred
after successive deep trimix dives (55-80 m) (Obad et al., 2010).
The depressed systolic function of the left side of the heart was
found in divers after trimix diving to a depth of 55 m (Marinovic
et al., 2009). Marinovic reported that trimix dives (55-80 m)
promoted accumulation of extravascular lung water, diminished
left ventricular contractility, and increased release of N terminal
pro B type natriuretic peptide (NT-proBNP; Marinovic et al.,
2010). However, information on the effect of deep heliox diving
on physiological indicators is scarce.

To investigate the effects of a single deep heliox dive on the
body, we evaluated the changes in peripheral blood cells, plasma
concentrations of myocardial enzymes, oxidative stress, vascular
endothelial activation, and physiological stress biomarkers before
and after an 80 m heliox dive.

MATERIALS AND METHODS

Subjects

A total of 40 healthy male navy divers, aged 18-32 years with
diving experience of 2-12 years, were recruited. All experimental
procedures were performed in accordance with the Declaration
of Helsinki and were approved by the Ethical Committee of the
Naval Hospital of Eastern Theater (protocol code 202008). All
subjects provided written informed consent. Health status and
previous diving experience were self-reported. All divers met
“The Medical Examination Standards for Professional Divers”
(China National Standard, GB 20827-2007, 2007.08.01). Failure
to meet the physical examination standards of divers, or a history
of cold or Eustachian tube dysfunction in the past week were the
exclusion criteria.

Diving Decompression Scheme

To reduce water-decompression and total-decompression
times, surface decompression with oxygen (SURDO,)
was used. SURDO, is a technique for fulfilling all or
part of the decompression obligations of divers in a
recompression chamber instead of in the water. A shorter
time in the water prevents a dangerous reduction in body
temperature. Inside the hyperbaric oxygen chamber, the

divers can be maintained at constant pressure, unaffected by
sea-surface conditions.

As shown in Figure 1A, each diver, wearing a wet suit
and breathing air to heliox (He:O,, 82:18) with an open-
circuit breathing apparatus (KMB 28B diving mask), gradually
descended to 80 m of the seawater (msw) at 12 m/min.
The surface water temperature was 26°C, the bottom water
temperature was 16°C, the wave height was 1.0-1.5 m, and the
water flow was <0.5 m/s. The time at the bottom was 15 min,
and the diver returned to the first stop station (67 msw) at
6 m/min. After converting the breathing gas from heliox to
air at 45 msw, the diver ascended to 12 msw following the
decompression table (Figure 1). After inhaling oxygen for 30 min
at the 12 msw stop station, the diver returned to the surface
within 6 min and recompressed to 15 msw in a hyperbaric
oxygen chamber, breathing oxygen. The interval between surface
and recompression was controlled at 5 min. The SURDO,
procedure is shown in Figure 1A. Some divers cruised at 83 msw
underwater. These divers added a cycle of oxygen uptake at a
depth of 12 msw in the hyperbaric oxygen chamber.

Saliva Sampling

As shown in Figure 1B, saliva and blood samples were collected
during the dive. Unstimulated whole saliva samples (n = 40)
were obtained before diving and after surfacing and entering the
recompression cabin. The mouth was rinsed with clean water
30 min before saliva collection, the tongue was pressed against
the palate to enrich the saliva, and the saliva was spat into a sterile
polypropylene transfer pipette (2 ml). No buffer was added to the
collection tube. After sample collection (before and after diving,
separately), the samples were immediately transported on ice to
the laboratory and centrifuged at 4,000 rpm for 10 min at 4°C.
The supernatant was aliquoted into storage vials and stored in
liquid nitrogen until analysis.

Blood Sampling

For blood cell counts and myocardial enzyme analysis, samples
were obtained before diving (baseline) and after surfacing
and entering the recompression cabin (n = 40, Figure 1B).
Venous blood specimens (1 ml) were obtained from the
superficial vein of the elbow into vacutainers containing ethylene
diamine tetraacetic acid (EDTA) as an anticoagulant (Becton,
Dickinson and Company, Franklin Lakes, NJ, United States)
and analyzed using a blood counter (Abbott, IL, United States).
One milliliter of the sample was used to assay creatine kinase
(CK) and myocardial-specific isoenzyme of creatine kinase (CK-
MB) activities.

After the diver had surfaced and entered the hyperbaric
chamber, 2 ml of blood samples were obtained before SURDO,.
A further 2 ml of blood sample was obtained on completion
of SURDO,. Blood samples were drawn into tubes without
anticoagulants and placed at 4°C for 2 h. Then, the samples were
centrifuged at 1,000 g at 4°C for 20 min. The supernatant was
stored at —80°C until delivery to the laboratory for measurement
of glutathione (GSH) activity and malondialdehyde (MDA),
endothelin-1 (ET-1), and vascular cell adhesion molecule-1
(VCAM-1) levels.
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FIGURE 1 | Decompression procedure for 80 m heliox diving and sampling collection time points. (A) Decompression procedure for 80 m heliox diving. After blood
and saliva collection, divers immersed to 80 msw at a rate of 12 mswy/s, breathing air to heliox (He:O», 82:18) with KMB 28B surface-supplied diving equipment. The
bottom time was 15 min, and divers returned to the first stop station (67 msw) at an ascending velocity of 6 msw/min. After converting their breathing gas from
heliox to air at 45 msw, divers ascended to 12 msw following the decompression table. After inhaling oxygen for 30 min at the 12 msw stop station, divers returned
to the surface in 6 min and completed surface decompression with oxygen in a hyperbaric oxygen chamber. At the end of the experiment, blood and saliva samples
were collected, and blood cell numbers and biomarkers were assayed. (B) Sampling collection time points.

Hormonal Stress Markers Test

Serum levels of ET-1 and VCAM-1 (Cusabio Biotech Co., Ltd.,
Wuhan, China) and saliva levels of amylase alpha 1 (AMY1),
cortisol, IgA, and testosterone were evaluated by enzyme-linked
immunosorbent assay (ELISA; Elabscience Biotechnology Co.,
Ltd., Wuhan, China). Levels of MDA and GSH were determined
by chemical colorimetry using commercial assay kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). All assays
were performed in accordance with the respective instructions of
the manufacturer.

Statistical Analysis

Statistical analyses were performed using SPSS version 11.5
software (SPSS, Inc., Chicago, IL, United States). Results are
means £ SD. A paired-sample ¢-test (two-tailed) and unpaired
t-test with Welch’s correction were performed based on the
normality of the distribution as checked by using the Shapiro-
Wilk test. A P-value of <0.05 was considered indicative of
statistical significance.

RESULTS
Changes in Blood Cell Counts

After the dive, all divers felt normal, and none complained of
physical discomfort. An 80 msw heliox dive caused significant
decreases in numbers of red blood cells (RBCs, 4.79 & 0.23 vs.

497 + 022 x 10'2/L, P < 0.0001; Figure 2), platelets (PLT,
196.1 4 41.84 vs. 223.0 + 42.74 x 10°/L, P < 0.0001), percentage
of lymphocytes (LYM %, 34.28 + 8.67 vs. 41.58 + 6.65%,
P <0.0001), percentage of intermediate cells (MID %, 6.20 & 1.04
vs. 7.29 = 1.30%, P < 0.0001), and hematocrit (hCT, 43.22 £ 2.35
vs. 45.21 £ 2.04%, P < 0.0001). The percentage of granulocytes
increased markedly during the dive (GR %, 59.52 + 8.84 vs.
51.13 £ 6.63%, P < 0.0001). Diving caused slight but non-
significant increases in hemoglobin (HGB, 141.6 & 8.98 vs.
140.1 £ 9.26 g/L, P = 0.30) and white blood cell count (WBC,
5.63 & 1.61 vs. 5.20 £ 1.01 x 10°/L, P = 0.07).

Changes of Myocardial Enzyme

Spectrum

As indicated in Figure 3A, compared with baseline, the mean
CK level significantly increased after surfacing (142.1 4= 44.02 vs.
120 % 19.94 U/L; P = 0.0003). Also, 80 m heliox diving caused a
significant increase in the mean CK-MB level (12.14 & 2.65 vs.
10.77 £2.20 U/L, P < 0.0001).

Changes of Serum Indexes

As shown in Figure 3B, GSH activity in plasma was significantly
higher after SURDO; (4.11 + 0.47 vs. 3.78 + 0.72 pmol/L,
P = 0.007), but there was no significant change in MDA
activity between before and after SURDO, (8.56 + 2.54 vs.
8.60 £ 2.91 nmol/L; P = 0.76). The mean expression level of

Frontiers in Physiology | www.frontiersin.org

September 2021 | Volume 12 | Article 735986


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Bao et al.

Physiological Responses to Deep Diving

159 6.0
< ) kK
) & | :
= o 5.5 —
3 10 =
[
k] © 50- I
o o
) |;| I—I 0
o 54 )
3 —1 —1 o 457
< D
2 ¢ —
0 — — 4.0 . .
Pre-dive Post-dive Pre-dive Post-dive
180+ 100-
*dk
—— L 1
v L]
= 160- = 80
2 T
O 1404 I—I o
2 = ‘T’ i
[e] c
E o
£ 1204 O 5
100 T T 0 T L
Pre-dive Post-dive Pre-dive Post-dive
801 15-
—_— L % %% I :\: 1L Fkk 2
=] - L 1 4
t 60 P z r 1
] o 104
| [
‘§‘ 40+ L ‘a’
I I —
< ©
S 1 ——1 ®
£ E 5]
2 204 8
- £
c ) B 1 = c ] T
Pre-dive Post-dive Pre-dive Post-dive
551 400 *kk
_ i
. *kk ;
< 501 ' / __ 300 _—
< 1 =
5 1 =
O 454 ~ 200
et S
g T %
5 a
T 404 1004
35 T T 0 T T
Pre-dive Post-dive Pre-dive Post-dive
FIGURE 2 | Changes in peripheral blood cells before and after 80 m heliox diving. ***P < 0.0001 compared with predive. Data are means + SD (n = 40). The
paired-sample t-test (two-tailed) was performed based on the normality of the distribution as checked by using the Shapiro-Wilk test.

VCAM-1 decreased significantly after SURDO; (286.0 £ 81.54
vs. 354.1 & 103.6 pmol/L, P < 0.0001). However, SURDO; had
no significant effect on the mean ET-1 level (23.32 4 48.54 vs.

22.22 + 44.14 pmol/L; P = 0.78, Figure 3B).

Changes of Hormonal Stress Markers

The changes in AMY1, cortisol, IgA, and testosterone levels
in saliva between before and after diving are shown in
Figure 4. Diving markedly increased the mean saliva AMY1 level
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FIGURE 3 | Changes in myocardial enzymes and serum indices before and after 80 m heliox diving. (A) Creatine kinase (CK) and myocardial-specific isoenzyme of
creatine kinase (CK-MB) decreased significantly after ascent to the surface. “**P < 0.0001 compared with the predive group. The CK and CK-MB data met the
homogeneity of variance and were analyzed using a paired t-test. (B) Changes in endothelin-1 (ET-1), vascular cell adhesion molecule-1 (VCAM-1), serum
glutathione (GSH), and malondialdehyde (MDA) concentrations between before and after recompression treatment in a hyperbaric oxygen chamber. **P < 0.0001
compared with pretreatment. Data are means + SD (n = 40). The ET-1, VCAM-1, GSH, and MDA data did not meet the homogeneity of variance and were analyzed

using an unpaired t-test with Welch’s correction.
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(51.21 £ 25.28 vs. 46.94 £ 26.04 ng/ml; P = 0.007). The changes in
mean testosterone (2.11 = 3.36 vs. 1.72 & 3.52 ng/ml; P = 0.008)
and IgA (646.2 £ 397.5 vs. 756.0 = 506.0 ng/ml; P = 0.024) levels
showed the same trend, but the mean cortisol level did not change
significantly between before and after diving (43.73 £ 83.10 vs.
48.72 £ 87.96 ng/ml; P = 0.805, Figure 4).

DISCUSSION

Inflammatory Response and Platelet

Activation
Deep heliox diving resulted in an increase and decrease,
respectively, in granulocyte and lymphocyte numbers

immediately after surfacing. Deep heliox diving involves
exposure to several physiological and psychological stress factors,
e.g., elevated ambient pressure, immersion, cold, and breathing
of hyperbaric oxygen (HBO) and inert gasses. Physiological
stress may contribute to neutrophil mobilization by increasing
the release of stress hormones such as cortisol (Anegg et al.,
2002). The wunbalanced endocrine/immunological response
induced during diving alters the proportions of circulating
blood cells. Furthermore, microbubbles produced during the
decompression process induce endothelial damage and affect
leukocyte mobilization (Glavas et al., 2008).

Granulocyte increase is often accompanied by a mild increase
in monocytes in the inflammatory response (Natale et al., 2003).
However, in this study, the mean number of intermediate cells
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decreased immediately after surfacing, which was inconsistent
with Perovic’s study (Perovic et al, 2017). They found that
neutrophils increased and monocytes decreased immediately
after 30 m-depth compressed-air diving. Since the number of
intermediate cells in humans is small, the reduction in the
percentage of intermediate cells may be a transient response
to external stimuli. This may be caused by trans-endothelial
migration due to altered vascular/endothelial function after
diving (Obad et al., 2010).

Diving is a hyperoxic physical activity under high pressure,
which can induce oxidative stress by increasing free-radical
production. Since RBC membranes are highly susceptible to
peroxidative damage, they are sensitive to oxidative stress
(Santos-Silva et al., 2001). In this study, deep heliox diving
caused a significant decrease in RBC and hCT but had
no significant effect on HGB levels. These changes can be
explained by oxidative-damage-induced fragility of the RBC
membrane. The number of RBCs subsequently decreases, causing
a reduction in hematocrit.

Changes in PLT counts after hyperbaric exposure and
decompression have been reported in animal studies (Pontier
et al., 2009; Lambrechts et al., 2018) and in divers without
clinical symptoms (Olszanski et al,, 2001). In animal models
of decompression sickness, circulating bubbles damage the

vascular wall and activate endothelial cells. Exposed collagen
and the subendothelial basal lamina activate the coagulation
system, which forms microthrombi and reduces the platelet
count (Eckmann and Armstead, 2006). Platelets adhere to the
bubble surface and are activated (Olszanski et al., 1997). The
postdive decrease in platelet count is related to decompression-
induced bubble formation (Pontier and Lambrechts, 2014).
However, in the above-mentioned studies, the objective, diving
depth, and decompression methods differed. We conclude that
decompression bubbles caused the PLT reduction. In this study,
divers did not show symptoms of decompression sickness, but
asymptomatic microbubbles may have been present. Therefore,
the reduction in PLT may have been caused by asymptomatic
air bubbles during decompression; however, this needs to be
confirmed. Platelet functions, such as aggregation and adhesion,
need to be assayed in a future study.

Muscle Injury

Creatine kinase is found mainly in the skeletal muscle, cardiac
muscle, and brain. CK and CK-MB elevations are markers of
arterial gas embolism (Smith and Neuman, 1994). However, in
this study, although CK and CK-MB increased significantly after
diving, the values remained within the normal range. This implies
that the CK and MB isoenzyme have a non-myocardial source.
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CK activity increased in a bubble-free scuba dive (Bilopavlovic
et al,, 2013), so in this study, we speculate that the elevations in
CK and CK-MB were mainly from skeletal muscle.

Physiological Stress Response

Scuba dives induce increased levels of stress hormones
(Anegg et al, 2002) and cortisol according to immersion
depth (Zarezadeh and Azarbayjani, 2014). Such dives are
associated with transient endothelial dysfunction, which is likely
mediated by hyperbaric O,, and have been linked to reduced
cognitive performance (Pourhashemi et al., 2016) and stress
cardiomyopathy (Beneton et al., 2017).

Cortisol is used to assess the stress response. An increase in
cortisol levels is associated with anxiety, depression, and intensive
physical exercise. Reports of changes in cortisol concentrations
following hyperbaric exposure are contradictory. Some found
that scuba diving increased cortisol levels (Pourhashemi et al.,
2016). However, in other studies, cortisol levels did not change
or decrease after scuba dives (Marlinge et al., 2019). In this study,
saliva cortisol levels had a non-significantly decreasing trend after
surfacing. This is at odds with reported increased saliva cortisol
and decreased cognitive performance (Pourhashemi et al., 2016),
possibly due to differences in diving methods in the two studies.
In addition, the hyperbaric O, inhaled during SURDO, might
have counterbalanced the effect of the cold immersion response
by reducing physiological stress levels.

Testosterone is an androgen that influences athletic ability
and psychological activity. The data on changes in testosterone
concentrations after diving are conflicting. J6zkow et al. (2012)
found that breath-hold diving did not affect the secretion of
gonadotropins or androgen concentrations. Hyperbaric- but
not hyperoxic-induced testosterone reductions were observed
in scuba divers by Verratti et al. (2019). However, hyperbaric
oxygen therapy can increase blood testosterone concentrations
(Passavanti et al.,, 2010). The diving depth and differences in
diving methods may explain the inconsistency of changes in

testosterone levels. In this study, testosterone levels increased
markedly after diving, likely because heliox divers are exposed
to higher absolute levels of oxygen. In breath-hold diving,
hypoxia and hypercapnia are the main determinants of the
physiological response.

In mucosal immunity in the upper respiratory tract, IgA plays
an important role. It inhibits the adhesion of microorganisms
to the upper respiratory tract epithelium, slowing their
proliferation. Volozhin et al. (2001) found that saturation diving
decreased IgA and S-IgA levels. Short-term operational heliox
exposure did not affect IgA levels (Olszanski et al., 2002). During
saturation diving, divers spend a long time underwater, which
can suppress immune function. In Olszanski’s study, the diving
time was too short to affect IgA levels. In this study, IgA levels
increased markedly after diving, which is likely in response
to diving stress.

Salivary AMY1 catalyzes the hydrolysis of starch to maltose.
The secretion of salivary amylase is regulated by the sympathetic
nervous system. When the system is excited, the secretion
of salivary amylase increases, and the reaction speed is faster
than that of noradrenaline, cortisol, and other hormones (Jones
et al, 2020). In this study, salivary AMY1 levels increased
markedly after diving. Similarly, Gilman et al. (1979) found that
secretion of alpha-amylase by the human parotid gland increased
during 8 days of hyperbaric exposure. Enhanced autonomic
nervous system (ANS) activity has been attributed to increased
physiological stress.

Oxidative Stress

In diving, excess oxidative stress is caused by physical and
chemical stress factors in the hyperbaric environment (Obad
et al., 2007). Due to the increased exhalation resistance and low
temperatures underwater, scuba diving is a high-strength activity.
Intensified physical activity, hyperoxia, and exposure to low
temperatures lead to the production of free radicals (Ferrer et al.,
2007). In this study, GSH levels increased significantly during

TABLE 1 | The impact of different extreme environments on physiological indicators.

Deep diving

High altitude

Space flight

Blood cell counts Decrease RBC, PLT, LYM, MID, and

hCT

Skeletal-muscle CK, CK-MB increased

Changes in hematocrit, red blood count
(Mairbaurl, 1994)

High altitude mitochondrial volume density

Plasma volume decrease, red blood cell
mass decrease (Alfrey et al., 1996)

Muscle and bone atrophy

is reduced (Stienen, 2020)

Oxidative stress GSH increased, MDA had no change

Hormonal stress AMY1, testosterone, IgA increased

Endothelial damage VCAM-1 increased after heliox diving
(underwater process), which improved
after inhalation of oxygen during

SURDO;

Reactive oxygen species (ROS) production
is accelerated with mountainous elevation
(Gaur et al., 2021)

Testosterone levels increase with
mountainous elevation (Dittmar, 2014)

Non-uniform regional hypoxic arteriolar
vasoconstriction induce endothelial
damage (Swenson and Bartsch, 2012)

Generation of ROS, leading to a
dysregulation in the oxidants-antioxidants
balance (Pavlakou et al., 2018)

Plasma and urinary cortisol increase (Stowe
etal., 2011),

Testosterone was not changed during
long-duration space flight but were
decreased on landing day (Smith et al.,
2012)

The upregulation of VCAM-1 may
contribute to impaired
endothelium-dependent relaxation in
simulated microgravity rat vasculature
(Zhang et al., 2008)
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diving. GSH, an abundant tripeptidyl molecule, protects cells
against oxidative-stress-induced cellular damage and detoxifies
xenobiotics and drugs. As a marker of lipid peroxidation, MDA
is used as an indicator of oxidative damage. Dujic found that
MDA values increased after successive deep trimix dives to depths
of 55-80 m (Obad et al., 2010). However, in this study, MDA
values did not change between before and after SURDO,. There
are two possible reasons. First, because GSH and MDA were
measured before and after oxygen inhalation in the hyperbaric
chamber (SURDQ,), we think that the increase in GSH was due
to the response of the body to hyperoxia exposure. The lack
of change in MDA activity indicates that the oxidative stress
induced by 80 m heliox diving (underwater exposure) did not
induce cell damage. Second, in Dujic’s study, the divers breathed
a gas mixture containing a high concentration of oxygen during
the decompression phase (>30%); this concentration was much
higher than in this study (18%).

Endothelium Damage

In human and animal models, diving can cause endothelial
dysfunction. Bubbles formed during decompression interact
with, and damage, the endothelium. Oxidative stress induced
by hyperoxia also leads to dysfunction of the endothelium
(Berenji Ardestani et al., 2019). In this study, we assayed VCAM-
1 and ET-1 levels to explore changes in endothelial function
after deep helium-oxygen diving. ET-1 is a vasoactive substance
secreted by endothelial cells that is a marker of endothelial
injury; ET-1 levels did not change significantly after diving.
Since excessive production of ET-1 is an indicator of altered
endothelial function (Iglarz and Clozel, 2007), the lack of change
in ET-1 levels implies that the endothelial damage was not
sufficiently severe as to be reflected by detectable changes in
blood markers. Since the plasma half-life of ET-1 is 4-7 min,
another possible explanation for the lack of change in ET-1 levels
is that it was missed.

Vascular cell adhesion molecule-1 is expressed exclusively on
activated endothelium following vascular insult, and therefore, is
a marker of proinflammatory endothelium. In one study, VCAM-
1 levels increased post-decompression in DCI rats (Zhang
et al,, 2016). Vince et al. (2009) found that a simulated dive
of 78 min bottom time at 2.8 absolute atmospheric pressure
(ATA) significantly increased VCAM™ MP, and oxidative stress
was correlated with VCAM™ MP. Compared with before
SURDQO;, VCAM-1 levels were significantly reduced after
SURDQO;, implying that heliox diving (underwater process)
caused endothelial damage, which improved after inhalation of
oxygen during SURDO;.

Comparing With Other Extremes of

Environment

In Table 1, we compare the changes of physiological indicators
in different extremes of the environment, such as high altitude
and microgravity. Hypoxia is the main feature in high-altitude
environments. In space, the special conditions of hypogravity
and exposure to cosmic radiation have an impact on the human
body and human organ functions. Harmful factors in different

environments cause corresponding changes in the physiological
indicators of the body.

CONCLUSION

Eighty-meter open-water heliox diving induced endothelial and
skeletal-muscle damage, oxidative stress, and physiological stress
responses, as reflected in changes in biomarker concentrations.

LIMITATIONS

Since divers must be transferred to a hyperbaric oxygen chamber
quickly to complete surface decompression after ascending,
we did not assess decompression-induced microbubbles after
diving. Future studies would benefit from the assessment of
bubble formation.
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