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Abstract

Deep sea diving might cause a tremendous physical or psychological stress to the divers.  The
present study aims to evaluate the stress response to a simulated wet dive in Navy divers.  Nineteen Navy
divers took part in this study when they were undergoing annual deep dive training.  Ten divers were
exposed to 190 feet of sea water (fsw) breathing compressed air on day 1 and to 250 fsw breathing helium-
oxygen (Heliox) gas mixture on day 3.  Another 9 divers were exposed to 220 fsw on day 1 and 285 fsw
on day 3 breathing Heliox gas mixture.  The bottom time ranged from 5 to 8 min, and then the standard
U.S.  Navy air and Heliox decompression tables were followed for surfacing.  Predive levels of serum heat
shock protein 72 (sHsp72) were 9.95 ± 0.56 ng/ml, which were significantly higher than those in the
control group (8.01 ± 0.77 ng/ml).  After simulating Heliox dive, the sHsp72 increased to 10.43 ± 0.56
ng/ml, but this was not statistically significant.  Our results demonstrated that the serum level of Hsp72
is higher in the Navy divers who underwent regular intensive exercise.  However, it remains unknown
whether this increase of stress protein is associated with the diving stress or exercise preconditioning in
the Navy divers.
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Introduction

Decompression sickness (DCS) arises as a result
of inappropriate decompression in various conditions,
including diving, aviation, and space flights.  Acute
DCS is a curable condition if the recompression
therapy is instituted timely.  However, there is a
growing concern that diving can lead to chronic
damage to the skeletal and the central nervous systems,
even in the absence of clear signs of acute DCS.
While following the decompression procedure has
been suggested to reduce the risk of acute DCS, a
preventive measure for chronic DCS remains to be
determined.

Exercise training before dives has been proven

to be able to reduce the incidence of neurological
DCS in pigs (1) and rats (15), and to prevent serious
decompression sickness in human subjects (3).
Recently Wisløff and Brubakk (25) have also shown
that a single high-intensity aerobic exercise session
20 h before the dive protects rats from severe DCS
and death.  The protective effect of pre-dive exercise
has been ascribed to reduced bubble formation during
rapid decompression.  However, it is not clear why
exercise performed only within a window of time
about 24 h prior to the dive can produce the protective
effect.  This evidence suggests that, in addition to
reducing bubble formation in the circulation, exercise
may induce a time-dependent protective mechanism
against bubble-related tissue injury.
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Endurance exercise is known to induce expres-
sion of heat shock proteins (Hsps) in a variety of
tissues including skeletal muscle and central nervous
system (11), as well as in the peripheral circulation
(21).  The heat shock proteins consist of a family of
proteins, which function as chaperones to facilitate
folding of denatured proteins and to provide protec-
tion against potentially lethal stresses such as hyper-
thermia, hypoxia, and ischemia-reperfusion (10).  We
previously demonstrated in animals that thermal
induction of Hsp70 expression alleviates air embolism-
induced lung injury and reduces the severity of DCS
after hyperbaric exposure (9, 18).  Therefore, en-
durance exercise may simulate a pathological stress
and induce expression of stress proteins leading to a
reduction in the severity to prevent the occurrence of
DCS in deep sea diving.

Understanding the stress response in divers may
be helpful to DCS prevention.  The present study aims
to evaluate stress response to a simulated deep sea
dive in Navy divers.

Materials and Methods

Subjects

Nineteen Navy divers took part in the dives
when they were undergoing annual deep sea dive
training.  An informed consent was obtained from
each diver.  Their mean age was 25.8 ± 0.8 year (range
22-32), weight 73.4 ± 1.7 kg (range 65-86), height
172.3 ± 1.3 cm (range 164-178), and diving experience
3.4 ± 1.4 year (range 0.5-10).  These divers receined
intensive exercise everyday (at least 5-km running
each morning) before the simulating dive training.
Fifteen age-matched graduate students, who had not
done any exercise for at least 2 weeks, served as the
control group.  Table 1 summarizes the general data
of the subjects.

Study Protocol

The divers did simulated diving in the igloo wet
chamber of a four-compartment recompression
chamber.  Ten divers were exposed to 190 feet of sea
water (fsw) breathing compressed air on day 1 and to
250 fsw breathing helium-oxygen (Heliox) gas mixture
on day 3.  Nine divers were exposed to 220 fsw on day
1 and 285 fsw on day 3 breathing Heliox gas mixture.
Compressed air divers wore Safety Diver EXO-26
full face mask (DSI, USA), whereas the Heliox divers
wore Superlite-17B helmet (DSI, USA).  Each section
of high pressure exposure was maintained for 5-8
min.  The standard U.S.  Navy Air and Surface Sup-
plied Helium Oxygen Decompression Tables were
followed (14).  Venous blood was collected before

and 2 h after the simulating dive for analysis of serum
level of Hsp70.

Serum Hsp72 (sHsp72) Measurement

Blood samples were allowed to clot at room
temperature for 30 min and were centrifuged at
2,700 × g for 10 min.  The serum samples were frozen
at -20°C and then assayed in 2 weeks.  The sHsp72
level was determined by commercially available
ELISA kit (Stressgen, Victoria, Canada), according
to the manufacturer’s instructions.

Statistical Analysis

Data are expressed as means ±  SEM.  The
Student’s t test was used to compare Hsp70 level
between the divers and the control group.  Student’s
paired t test was used to compare the pre-dive and
post-dive results.  A P < 0.05 was considered as
significant.

Results

The divers completed 38 dives smoothly without
any symptom of squeeze, oxygen toxicity, DCS, or
barotrauma.  Fig. 1 summarizes the sHsp72 level in
the control subjects and the navy divers.  Predive
levels of sHsp72 were 9.95 ± 0.56 ng/ml, which was
significantly higher than those in the control group
(8.01 ± 0.77 ng/ml).  After the simulating dive, the
sHsp72 increased to 10.43 ± 0.56 ng/ml, but this was
not statistically significant compared with its baseline
level (P = 0.07).  Fig. 2 shows that divers with less

Table 1.  General data of the subjects

Control (n = 15) Diver (n = 18)

Age, yr 26.5 ± 0.8 25.8 ± 0.8
(21~33) (22~32)

Height, cm 171.1 ± 1.2 172.3 ± 1.3
(160~180) (164~178)

Body weight, kg 72.7 ± 2.0 73.4 ± 1.7
(62~100) (65~86)

BUN, mg/dl 12.6 ± 0.6 12.1 ± 0.4
(8~18) (9~14)

Creatinine, mg/dl 0.91 ± 0.02 0.85 ± 0.07
(0.71~1.10) (0.69~1.07)

Total protein, g/dl 7.4 ± 0.1 7.5 ± 0.1
(6.8~7.9) (7.0~8.1)

AST, U/dl 26.8 ± 1.7 24.0 ± 1.3
(18~44) (15~34)

ALT, U/dl 23.9 ± 4.0 23.5 ± 3.0
(9~81) (9~44)
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than 3 years of diving experiences have a significant
increase of sHsp72 after simulated deep diving.

Discussion

A phenomenon of diving acclimatization has
been observed for decades, in which divers doing
daily dives are able to reduce their susceptibility to
acute DCS (4).  Postulated mechanisms for this accli-
matization include the “consumption hypothesis”
describing the depletion of offensive chemicals (24)
and the “induction hypothesis” proposing the
accumulation of protective factors (9).  The consump-
tion hypothesis describes that a small amount of
bubbles activate the complement cascade in tissues
and that repeated exposure to pressure may deplete
complement proteins, thus preventing a massive
activation of the complement system during decom-
pression with greater bubble formation (23).  However,
several studies have reported that the complement
proteins of human divers remained within normal
ranges when they were on a regular diving schedule
with repetitive pressure exposure (8, 17).  These data
weaken the consumption hypothesis.  We proposed
an induction hypothesis that small bubbles may induce
a subsymptomatic stress response and induce tissue
preconditioning, which significantly reduces the
severity of acute tissue injury resulting from subse-
quent exposure to intravascular bubbles.  In a previous
animal study, we have demonstrated that thermal
preconditioning or prior exposure of decompression
stress induce expression of Hsp70, which indicates an
ongoing stress response (9, 18).  This stress response
may protect the animals against the DCS in the second
decompression protocol.

Our results showed that the navy divers doing

regular intensive exercise have a higher level of serum
Hsp72 than the control group.  This finding is con-
sistent with those of other reports in which endurance
exercise is found to enhance tissue expression of heat
shock proteins.  The intensive exercise may serve as
a stressful stimulation that induces tissue precondi-
tioning to the skeletal muscle damage or to ischemic
myocardial injury.  Endurance exercise on deep sea
divers may cause tissue preconditioning to reduce
the susceptibility to the DCS.  Our results may com-
plement the findings of Dujic et al. (3) and Wisløff
and Brubakk (25), indicating that endurance exercise
not only decreases the bubble formation after rapid
decompression, but also induces the stress response
and tissue preconditioning and, therefore, reduces the
incidence and severity of DCS.

Heat shock proteins are known as molecular
chaperones for protein synthesis and repair.  They are
recognized as one group of the stress proteins which
are inducible by various stimuli such as heat (2, 16),
oxidative stress (18), and endurance exercise (5, 12,
20).  While the protective role inside the cell where
Hsp72 acts as a molecular chaperone is well-known,
the role of Hsp72 in the serum is less well-established.
Recently, circulating heat shock protein 72 has been
proposed as a novel marker for systemic stress such as
endurance exercise (6, 22).  Febbraio et al. (6) and
Walsh et al. (22) both demonstrated significant
increases of sHsp72 in human subjects 2 h after the
endurance exercise.  Matsuo et al. (13) also demon-
strated an increased expression of Hsp70 in the blood
during a 400-msw saturation dive and suggested that
the expression of Hsp70 may be a useful marker for
stress response to saturation diving.  In the present
study, we did not identify a significant increase of
sHsp72 after diving to a depth as deep as 285 fsw.  In

Fig. 1. sHsp72 levels in navy divers were measured prior to
and 2 h after the simulations.  Age-matched graduate
students, who had not done any exercise for at least 2
weeks, served as the control group.

Fig. 2. Change in sHsp72 after deep sea diving in divers with
various levels of experience of simulated deep dive.
*, P < 0.05, compared with the pre-dive level.
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the diving process, the expression of heat shock
proteins may be increased mostly in pathological
conditions such as decompression sickness (9, 18),
or in an extremely high pressure used only in animal
studies (19).  Nevertheless, deep sea divers have to
confront several stressful conditions other than the
pressure per se or the DCS.  Psychological stress and
release of stress hormones have been identified as
important stressors inducing expression of Hsp70 (7).
Although we did not measure the level of adrenal
hormones, our results showed that an increase (P <
0.05) of sHsp72 was found in a subgroup of divers
with diving experiences less than 3 years (Fig. 2).  On
the other hand, divers with diving experiences longer
than 60 months did not show any increase of sHsp72
after simulated deep diving.  Apparently, an experi-
enced Navy diver may be more familiar with and
skillful in the deep dive procedures and hence may
encounter less psychological stress during a deep
dive.  However, a large study is needed to recognize
serum heat shock protein expression as a useful
indicator for diving-related pathological conditions.

In summary, our results demonstrated that the
serum level of heat shock protein is higher in the
Navy divers who did regular intensive exercise.  Divers
who were less experienced with deep diving, their
serum level of heat shock protein tended to rise after
deep simulated diving training.  However, it remains
unknown whether this increase of stress protein is
associated with the diving stress or exercise precon-
ditioning in the Navy divers.
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