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Abstract Heat stress prior to diving has been shown to
confer protection against endothelial damage due to
decompression sickness. Several lines of evidence indicate
a relation between such protection and the heat shock
protein (HSP)70 and HSP90 and the major cellular red-ox
determinant, glutathione (GSH). The present study has used
human endothelial cells as a model system to investigate
how heat stress and simulated diving affect these central
cellular defense molecules. The results demonstrated for the
first time that a simulated dive at 2.6 MPa (26 bar) had a
potentiating effect on the heat-induced expression of
HSP70, increasing the HSP70 concentration on average
54 times above control level. In contrast, a simulated dive
had no significant potentiating effect on the HSP90 level,
which might be due to the higher baseline level of HSP90.
Both 2 and 24-h dive had similar effects on the HSP70 and
HSP90, suggesting that the observed effects were indepen-
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dent of duration of the dive. The rapid HSP response
following a 2-h dive with a decompression time of 5 min
might suggest that the effects were due to compression or
pressure per se rather than decompression and may involve
posttranslational processing of HSP. The exposure order
seemed to be critical for the HSP70 response supporting the
suggestion that the potentiating effect of dive was not due
to de novo synthesis of HSP70. Neither heat shock nor a
simulated dive had any significant effect on the intracellular
GSH level while a heat shock and a subsequent dive
increased the total GSH level approximately 62%. Neither
of these conditions seemed to have any effect on the GSH
red-ox status.

Keywords Endothelial cells - Diving - Decompression - Heat
shock protein - Glutathione

Introduction

Several lines of evidence point to the endothelium as a
main target for damage caused by vascular gas bubbles
that are formed during decompression (Brubakk et al.
2007). The mechanisms behind these effects are still
unclear. Investigations in both animals and man have
demonstrated that physical exercise 20-24 h prior to
diving significantly reduced the bubble formation and
conferred protection against decompression sickness
(DCS). Furthermore, exposing rats to heat stress (42°C)
for 1 h 24 h prior to a dive did not affect bubble
formation but protected the animals against injury due to
decompression. Notably, the protection was accompanied
by an increased production of heat shock protein 70
(HSP70; Brubakk et al. 2007). Similar results have
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previously been demonstrated in rats that were subjected
to rapid decompression. Occurrence of DCS was
associated with increased HSP70 expression and heat
shock prior to diving reduced air bubble-induced lung
injury (Huang et al. 2003). Recent experiments with rats
exposed to rapid decompression indicated an association
between occurrence of DCS and increased gene expres-
sion of small heat shock proteins in brain and lung, but not
in liver. Remarkably, HSP70 was not significantly affected
in any of the three organs (Montcalm-Smith et al. 2007).

HSPs are one of several cellular defense mechanisms.
They have several important cytoprotective functions; one
of the most important is to function as molecular
chaperones in the folding of proteins and maintenance of
the native conformation to ensure biological activity. HSPs
(also termed stress proteins) are induced by a number of
stimuli including heat stress, exercise, and oxidative stress
(Kregel 2002). Recent observations also indicate that HSPs
may play an important role in the cellular defense against
several toxic chemicals (Nishida et al. 2006; Tolson et al.
20006).

Another critical factor related to bubble formation
and endothelial dysfunction seems to be nitric oxide
(NO). The molecule is synthesized endogenously by
nitric oxide synthase (NOS) and functions both as a
signaling molecule and a vasorelaxation factor (Alp and
Channon 2004). Recent investigations have pointed to a
possible role of NO in bubble formation and/or endothelial
injury resulting from such bubbles. Reducing NO avail-
ability by inhibiting its synthesis increased bubble forma-
tion and reduced survival of rats exposed to rapid
decompression (Wisleff et al. 2003). Conversely, admin-
istration of NO by a NO-releasing chemical reduced
bubble formation and increased survival in rats after rapid
decompression (Wisleff et al. 2004). NOS, the enzyme
responsible for the endogenous production of NO, requires
several cofactors, reduced form of nicotinamide adenine
dinucleotide phosphate, flavin adenine dinucleotide, flavin
mononucleotide, Fe, and tetrahydrobiopterin (BH4). In
addition, the molecular chaperone HSP90 has been
identified as a regulator of NOS activity (Alderton et al.
2001). Regulation of NOS activity also seems to be
mediated by phosphorylation of specific amino acid
residues in the enzyme (Chen et al. 2008; Forstermann
20006), and recent investigations have demonstrated that
phosphorylation of a specific serine residue increased the
association of NOS and HSP90 concurrent with an
increased NO synthesis (Davis et al. 2006). Notably,
NOS seems to have two catalytic endpoints, i.e., normally
it produces NO, but under certain conditions, it will
produce superoxide, which interact with NO to form
peroxynitrite. The latter one will rapidly oxidize BH4 and
lead to NOS uncoupling and resulting endothelial dys-
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function. Current research suggests that maintenance of
adequate levels of BH4 in the endothelium is a critical
factor in regulating the balance between NO and super-
oxide synthesis by NOS in vascular disease (Alp and
Channon 2004). In this context, antioxidants may play
important roles, although the literature so far shows
conflicting results. Ascorbic acid has been shown to
increase both glutathione (GSH) and NOS activity in
human endothelial cells (Smith et al. 2002), and the effect
seems to be due to stabilization of the BH4 molecule
(Werner et al. 2003). Glutathione is a major cellular red-
ox determinant, but some investigators have indicated
that glutathione does not seem to have significant
impact on the NOS (Huang et al. 2001), while others
have indicated a correlation between GSH level and NOS
activity (Laursen et al. 2001; Smith et al. 2002). Novel
findings have suggested a regulatory role of glutathione
in glutathiolating specific proteins at specific residues;
the reversible glutathiolation may thus protect these
otherwise reactive sites against irreversible oxidation
(West et al. 2006). Moreover, NO has also been shown to
stimulate glutathiolation of a specific protein which results
in cyclic guanosine monophosphate-independent arterial
relaxation (Cohen and Adachi 2006). Recent studies
suggest that the biopterin red-ox status is more important
to the activity of NOS than the total amount of biopterin
and that GSH contributes to maintain this ratio (Crabtree
et al. 2008, 2009).

Taken together, these findings indicate that there is a
close relation between several heat shock proteins, endo-
thelial nitric oxide production and the cofactors that
influence this activity, and the possible endothelial injury
that may follow decompression. In this respect, glutathione
may play an important role either by providing reducing
power for the tetrahydrobiopterin or by glutathiolation of
vital proteins as indicated above.

An important aspect of saturation diving is that it is
performed with an elevated level of oxygen, usually
from 35-80 kPa (0.35-0.80 bar) depending on the
different phases of a dive. The hyperoxic conditions
impose a significant oxidative stress on the divers and
are counteracted by several defense mechanisms. One of
these is the glutathione system which represents a first-
line defense against reactive oxygen species that are
formed, e.g., by exposure to hyperoxic conditions. We
have previously shown that the glutathione system is
markedly affected under diving conditions (Djurhuus et
al. 1998, 1999) and that the glutathione level in blood
cells of divers was markedly reduced after a simulated
dive corresponding to a depth of 250 m sea water (msw;
Djurhuus et al. 2006).

This might be interpreted as if this defense system is
compromised; this may be important during decompression
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where elevated NO production may be a prerequisite for
protection against endothelial damage. The present inves-
tigation was therefore undertaken as a first step in
elucidation of the relationship between HSP70 (HSPA1A/
HSPAI1B), HSP90 (HSPC1; Kampinga et al. 2009), and
glutathione in their potential role in protection against
endothelial damage due to decompression stress. Human
endothelial cells were used as a model system to study how
both heat stress and simulated diving affect these central
cellular defense molecules.

Materials and methods
Chemicals and gas

N-Ethylmorpholine, heparin (Na salt, porcine intestinal
mucosa), and 2% gelatin solution (bovine skin) were
obtained from Sigma-Aldrich, Inc. (St. Louis, MO, USA).
L-Glutamine, hydrogen bromide, S5-sulfosalicylic acid,
perchloric acid, acetic acid, orthophosphoric acid, metha-
nol, acetonitrile, and dimethyl sulfoxide were obtained from
Merck (Darmstadt, Germany). Sodium borohydride,
dithioerythritol (DTE), reduced (GSH) and oxidized
(GSSG) glutathione were obtained from Fluka Chemie
AG (Switzerland), and monobromobimane was from
Molecular Probes (Eugene, OR, USA). Trypsin (2.5%)
was obtained from Gibco, Invitrogen Ltd. (Paisley, UK).
ELISA kits for HSP70 (EKS-700B; recognizes human
HSPA1A/HSPA1B) and HSP90x (EKS-895; recognizes
human HSPC1) were obtained from Assay Designs, Inc.
(Ann Arbor, MI, USA). Premixed gas consisting of 75%
He, 20% O,, and 5% CO, (mixed from 6.0, 5.5, and 5.0
qualities, respectively) was obtained from Yara Industrial
AS (Bergen, Norway), and pure He (6.0) was from Gardner
Cryogenics A/S (Sandnes, Norway).

Cells and culture conditions

Human umbilical vein endothelial cells (HUVEC;
American Type Culture Collection (ATCC) no. CRL-
1730) were obtained from ATCC (Manassas, VA, USA).
The cells were grown without addition of antibiotics in
MCDB-131 medium (Gibco, Invitrogen Ltd., Paisley,
UK) supplemented with heparin (50 pg/ml), endothelial
cell growth supplement (50 pg/ml; BD Biosciences,
Bedford, MA, USA), and 20% heat-inactivated fetal calf
serum (Gibco, Invitrogen Ltd., Paisley, UK). Cells were
seeded on standard cell culture plastic flasks or dishes,
all pretreated with a solution of 0.2% gelatin in
Dulbecco’s phosphate-buffered saline (PBS) for 30 min
at room temperature. Stock cultures of the cells were
maintained at 37°C in an atmosphere of 5% CO, in air

and a relative humidity of 95% (standard conditions). For
experiments, the cells were exposed in a pressure chamber
as indicated below.

Exposure design 1

Unless otherwise indicated, the experiments consisted of
four groups:

0. Control—incubated in the cell culture incubator at
standard conditions (see above) throughout the
experiment

1. HS—exposed to 45°C for 1 h and further incubated at
standard conditions (48 h) until harvesting

2. Dive—exposed to simulated dive at 2.6 MPa (26 bar;
corresponding to a depth of 250 msw) for 24 h at 37°C
until harvesting

3. HS + dive—exposed to 45°C for 1 h, further incubated
at standard conditions for 24 h, and then exposed to
simulated dive at 2.6 MPa (26 bar) for 24 h at 37°C
until harvesting

An overview of the different exposure conditions is shown
in Fig. 1.

Exposure design 2

Reversed order is the dive exposure prior to heat shock—
including both 2- and 24 h dive—otherwise similar
conditions as design 1 (see Fig. 2). All groups were seeded
simultaneously at the same cell density and grown to
confluence or near confluence before initiating the different
exposures. Each group consisted of nine to ten parallel
dishes, three to four dishes were used for analysis of heat
shock proteins, three to four dishes used for analysis of
glutathione, and three dishes used for determination of cell
number as described below.

Exposure of cells to heat and simulated dive

Exposure to heat and simulated dive was performed in a
cylindrical, 15-1 stainless steel pressure chamber. The
chamber was equipped with instruments for control and
continuous monitoring of temperature, oxygen concentra-
tion, humidity, and pressure.

Heat shock The cell cultures were placed in the chamber,
which was flushed with He/O,/CO, mixture (75/20/5) to
remove the air and isolated at atmospheric pressure and
100% relative humidity at a temperature of 45°C for 1 h.
The partial pressures during the exposure thus were 20 kPa
0, (0.20 bar; 20%), 5 kPa CO, (0.05 bar; 5%), and 75 kPa
He (0.75 bar; 75%). After end of exposure, the chamber
was opened and the culture dishes moved to the cell culture
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Hours
Exposure
group O 24 48
Control | Std. conditions, 37 °C, 100 kPa (1 bar) |Harvest
HS [HS45°C,1h] Std. conditions, 100 kPa, 48 h |Harvest
Dive | Std. conditions, 100 kPa [ Dive 2.6 MPa (26 bar; 250 msw), 24 h _ |Harvest
HS + Dive |ISESISIEN  Std. conditions, 100 kPa, 24 h | Dive 2.6 MPa, 24 h |Harvest

Fig. 1 Exposure design 1. Overview of exposure to heat shock (HS;
45°C, 1 h) and subsequent simulated diving at 37°C. Standard
conditions were in an incubator with 5% CO, in air, 100% humidity,

incubator and further incubated for 24 h at standard
conditions.

Simulated dive The cell cultures were placed in the
chamber, which was flushed with He/O,/CO, mixture (75/
20/5) to remove the air. The chamber was then pressurized
with pure helium to an absolute pressure of 2.6 MPa
(26 bar; corresponding to 250 msw) and isolated at this
pressure and 100% relative humidity at 37°C for 24 h. The
partial pressures during the dive thus were 20 kPa O,
(0.20 bar; equivalent to 20% at surface), 5 kPa CO,
(0.05 bar; equivalent to 5% at surface), and the rest was He
making up the total pressure to 2.6 MPa. Both oxygen
partial pressure as well as the total pressure was monitored
continuously during the dive, and the pO, was 20.0+
0.5 kPa (0.200+0.005 bar) when all experimental dives are
included (data not shown). At the end of the dive, the
chamber was rapidly decompressed (10 kPa/s), opened, and
the cells immediately harvested for analysis as described
below. Visual inspection of the cultures did not indicate any
immediate adverse effects of the dive/decompression, and
no change of pH was observed as judged by the color of the
pH indicator in the medium.

and 37°C. Both heat shock and simulated diving were in an
atmosphere of 20 kPa (0.20 bar) O, and 5 kPa (0.05 bar) CO, in He

Determination of intracellular HSP70 and HSP90

Harvesting of cells The medium was removed and the cells
washed with 5 ml calcium- and magnesium-free PBS (PBS-
CMF) and detached by incubation for 10 min at 37°C with
0.25% trypsin—0.5 mM ethylenediaminetetraacetic acid.
The trypsin was inactivated by addition of basal Eagle’s
medium containing 10% fetal calf serum and the cells
harvested by centrifugation. The cells were then washed
twice by addition of 5-ml ice-cold PBS-CMF, gently
resuspended, and centrifuged. The cells were then resus-
pended in 1.5-ml ice-cold PBS-CMF, transferred to a
microtube, and centrifuged. After removal of PBS-CMF,
the cell pellet was frozen at —20°C for later analysis.

Analysis of HSP Frozen cell pellets were thawed and lysed
in lysis buffer according to the manufacturer’s instructions
for the HSP70 and HSP90«x ELISA kits, respectively. Both
ELISA kits are quantitative sandwich immunoassays that
determine a colored product formed by a horseradish
peroxidase conjugated to a secondary antibody. Color
formation was determined in a microplate reader at
450 nm, and HSP was quantitated from a standard curve

Hours
Exposure
group 0 2 4 48 72

Control [ Std. conditions 37 °C, 100 kPa (1 bar) |Harvest
HS [ Std. conditions, 100 kPa [ESEBSERN  Std. conditions, 100 kPa, 24 h __ |Harvest
Dive2h | Std. conditions, 100 kPa [Dive 2.6 MPa] Std. conditions, 100 kPa, 49h |Harvest

2h
Dive24h | Dive 2.6 MPa (250 msw), 24 h [ Std. conditions, 100 kPa, 49h |Harvest
Dive2h +HS | Std. conditions, 100 kPa [Dive 2.6 MPa| Std. conditions, 100 kPa, 24 h | ISIIBRORIM  Std. conditions, 100 kPa, 24 h __|Harvest

2h
Dive 24 h + HS | Dive 2.6 MPa, 24 h [ Std. conditions, 100 kPa, 24 h |ISIISRGRIM  Std. conditions, 100 kPa, 24 h __ |Harvest

Fig. 2 Exposure design 2. Overview of exposure to simulated diving at 37°C and subsequent heat shock (HS; 45°C, 1 h). Standard conditions,

simulated diving, and heat shock conditions were as in exposure design 1
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generated with HSP standard protein provided in the kits.
The concentrations were calculated in nanograms per 10°
cells and the results presented as fold change relative to the
control group.

Determination of intra- and extracellular glutathione

The analysis of glutathione was performed as described
previously (Djurhuus et al. 1991). Briefly, after removal
from chamber or incubator, the culture dishes were
immediately placed on ice.

Extracellular glutathione A 0.9-ml medium from each dish
was added to 0.1-ml ice-cold sulfosalicylic acid (50%,
containing 500 pM DTE), mixed, and frozen at —20°C. For
analysis, the samples were thawed and centrifuged, and the
supernatant was used for determination of total glutathione
as described below.

Intracellular glutathione The rest of the medium was
removed from the dish and the cells gently washed twice
with 5-ml ice-cold balanced salt solution. The cells were
then immediately extracted with 300-pul 5% ice-cold
sulfosalicylic acid containing 50 uM DTE; the cells scraped
off the dish with a rubber policeman, transferred to a
microtube, and frozen at —20°C. For analysis, the samples
were thawed and centrifuged, and the supernatant was used
for determination of reduced and total glutathione as
described below.

Total free glutathione, which represents the sum of GSH,
GSSG, and soluble mixed disulfides (GSSR), and reduced
glutathione (GSH) were determined in the acid extracts
according to a modification (Mansoor et al. 1992) of a
chromatographic procedure described previously (Svardal
et al. 1990). The results are expressed as equivalents of
GSH in nanomoles per 10° cells.

Determination of cell number

All experimental groups contained three parallel dishes for
determination of cell number. The cells were trypsinized
and counted in an electronic cell counter.

Statistical analysis

All results are calculated as the average+standard deviation
of all individual dishes seeded from the same stock culture
and undergoing the same exposure. The results were
evaluated by analysis of variance (ANOVA) with the
Tukey—Kramer procedure for multiple comparisons. Effects
were considered significant when P<0.05.

Results
Heat shock protein expression
Exposure design 1 (Fig. 1)

Heat shock (45°C, 1 h) increased HSP70 in HUVEC several
fold (P<0.05; data from five independent experiments) as
shown on Fig. 3. A simulated dive for 24 h had no
significant effect, while a dive performed after a heat shock
had a potentiating effect on the HSP70 expression increasing
the HSP70 concentration on average 54 times compared to
control (P<0.001; data from five independent experiments).

The HUVEC had a higher baseline level of HSP90 than
HSP70 (on average eight times higher, data not shown), and
heat shock increased this level only on average 2.1 times
compared to control (P<0.01; data from four independent
experiments) as shown on Fig. 3. A simulated dive for 24 h
had only minor, nonsignificant effects on the HSP90 level, but
in contrast to HSP70, a simulated dive after a heat shock only
slightly increased the HSP90 up to 2.7 times above the control
level (P<0.001; data from four independent experiments).
The additional effect of a simulated dive after a heat shock
compared to heat shock alone was, however, not significant.

Exposing the cells to a 2-h simulated dive at identical
conditions according to exposure design 1 (Fig. 1) and
harvesting immediately after end of decompression resulted
in approximately similar effects on the HSP70 and HSP90
expression as the 24-h dive, suggesting that the observed
effects was independent of duration of the dive (data not
shown).

100 5

O HSP70 Exposure design 1 b
W HSP90

T
IS

80

T
w

60

?ijH

Control Dive HS + Dive

S
HSP90 relative to control

HSP70 relative to control

o
T
-

Fig. 3 Expression of HSP70 and HSP90 in HUVEC after exposure to
heat shock (#S) and simulated diving according to exposure design 1.
The cells were harvested immediately after end of decompression and
analyzed for immunodetectable HSP70. The results are shown as fold
change relative to control. Data are from five separate experiments,
and the results are given as the average+SD of all the dishes within
each treatment. HSP70: n=19 (control, HS); n=20 (dive); n=12 (HS +
dive). HSP90: n=14 (control, HS); n=9 (dive); n=6 (HS + dive).
a P<0.05 vs. control, dive; b P<0.001 vs. control, HS, dive; ¢ P<0.01
vs. control; d P<0.001 vs. control; e P<0.01 vs. dive
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Exposure design 2 (Fig. 2)

To investigate if the order of events was critical for the
outcome of the exposures, the exposure order was reversed.
Comparing the outcome from these two experimental designs
might provide information about possible mechanisms behind
the effects observed after exposure design 1. The cells were
first exposed to a simulated dive and then subsequently to heat
shock as indicated on Fig. 2. It should be emphasized that
reversal of the exposure order also implies that the time
elapsed between dive exposure and harvesting and between
heat exposure and harvesting also was different compared to
exposure design 1. Again, the results shown in Fig. 4
demonstrated that heat shock increased HSP70 many fold
(P<0.001), while a dive performed prior to heat shock
decreased the HSP70 response (P<0.05). Although not
significant, the data suggested that this time the effect of
the dive seemed to be at least partly dependent on the
duration of the dive, since a dive for 24 h decreased the
HSP70 response to heat shock more than a 2-h dive.

In contrast to HSP70, the effects on the HSP90 level were
much less pronounced. Although the data could indicate that
all treatments increased the HSP90 level (Fig. 4), only the
group exposed to a 2-h dive followed by a heat shock
showed a significant increase compared to control when
analyzed by ANOVA (P<0.05). However, comparing all
groups that were exposed to heat shock with all groups
exposed to dive only, ANOVA indicated that heat shock
significantly increased the HSP90 level compared to control
(P<0.01) but that the effect of dive was not significant.

Glutathione levels
Exposure design 1 (Fig. 1)
Neither heat shock nor a simulated dive had any significant

effect on the intracellular glutathione level as shown in
Fig. SA. However, as for the HSPs, the combination of a

heat shock followed by a simulated dive increased the total
glutathione level significantly (P<0.001; data from four
independent experiments), although to a much lower extent
(average 62%, four independent experiments). The extra-
cellular total glutathione level (Fig. 5B) seemed to reflect
the intracellular level showing a similar increase after heat
shock and dive, although the increase after heat shock and
simulated dive was slightly less pronounced yielding an
average increase of 42% compared to control (P<0.003;
data from four independent experiments). The increase in
intracellular glutathione was approximately the same for
both reduced and total glutathione, and statistical analysis
on data from four independent experiments showed that the
different exposures had no effect on the glutathione red-ox
status (Fig. 5A).

Exposure design 2 (Fig. 2)

Reversal of the exposure order (ref. Fig. 2) demonstrated a
47% and a 27% increase in intracellular GSH levels after a
2-h dive and a 24-h dive, respectively (total glutathione, P<
0.001), while a heat shock decreased the glutathione levels
approximately 24% (total glutathione, P=0.003) as shown
on Fig. 6. Moreover, a subsequent heat shock attenuated the
GSH response to a dive (total glutathione, P<0.001;
ANOVA, Tukey—Kramer). Again, the ratio of reduced to
total glutathione did not change indicating that neither a
dive nor a heat shock had any effect on the red-ox status of
glutathione (Fig. 6).

Discussion

The elevation of HSP70 after a heat shock is comparable to
other investigations using endothelial cells (Bernardini et al.
2005; Harris et al. 2003). The present investigation is to our
knowledge the first to demonstrate a potentiating effect of
heat shock and a simulated dive on HSP expression and

10

Fig. 4 Expression of HSP70 100

[0 HsP70
W HSP0

and HSP90 in HUVEC after
exposure to simulated diving

and heat shock according to 80+
exposure design 2. The cells
were harvested 24 h after heat
shock and analyzed for immu-
nodetectable HSP70 and
HSP90. The results are shown
as fold change relative to con-
trol. The results are given as the
average+SD of three separate
dishes. a P<0.001 vs. control; b 207
P=0.012 vs. HS; ¢ P<0.001 vs.
HS; d P<0.05 vs. control

401

HSP70 relative to control
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Exposure design 1
L -7

1 A: Intracellular

[0 GSH total a b
2- | M GSHred

0 T T T

B: Extracellular

Glutathione equivalents relative to control

Control HS Dive HS + Dive

Fig. 5 Effects of heat shock and simulated diving on intra- and
extracellular glutathione level of HUVEC. The cells were exposed
according to exposure design 1. The cells were harvested immediately
after end of decompression and analyzed for reduced glutathione
(GSH red) and total glutathione (GSH total). The results are expressed
as equivalents of GSH relative to control. Data are from four separate
experiments, and the results are given as the average+SD of all the
dishes within each treatment. A Intracellular glutathione content, n=
13. B Extracellular glutathione content determined as total glutathione
(GSH total), n=13 (control, HS); n=10 (dive, HS + dive). a P<0.001
vs. control, HS, dive; b P<0.003 vs. control, HS, dive

glutathione level. The largest increase in HSP70 and
HSP90 after heat shock was noted after exposure design 2
(Figs. 3 and 4). According to the exposure design 2 (Fig. 2),
the cells were harvested for HSP analysis 24 h after heat
shock, while in exposure design 1 (Fig. 1), the cells were
harvested 48 h after heat shock, suggesting that the HSP
response declines from 24 to 48 h after exposure. A
transient induction of HSP70 has been demonstrated in
porcine aortic endothelial cells with a maximal level at 15 h
after a heat shock. At 24 h, the level had declined but was
still elevated (Bernardini et al. 2005).

Interestingly, the present study demonstrated similar
elevation of HSP70 both after a 24-h dive (Fig. 3) and a
2-h dive following a heat shock (exposure design 1, data
not shown). Since the decompression in both dives lasted
only for approximately 5 min and the cells were harvested

immediately afterward, it is tempting to suggest that the
decompression itself is not the trigger of the HSP70
elevation, but rather the compression or elevated pressure
per se. If so, 2 h is still a short time for protein expression
and might suggest activation or posttranslational protein
processing as a more plausible mechanism than gene
expression and subsequent protein synthesis. A time course
study of HSP70 induction after heat shock in human
endothelial cells showed that after 30 min, detectable levels
of HSP70 mRNA were observed increasing up to a peak
level at 2 h after heat shock. Analysis of HSP70
immunodetectable protein showed a considerable delay
with detectable levels appearing between 60 and 90 min
and increasing for at least 6 h (Wagner et al. 1999). The
immunodetection technique used may not differentiate
between an inactive, preprocessed HSP70 and a fully active
protein. The involvement of posttranslational mechanisms
in regulation of heat shock proteins has been suggested by
several authors and may include oxidation of cysteine
residues (Kregel 2002; Winter and Jakob 2004). A possible
mechanism for the results in the present paper might
therefore be that the heat shock induces gene expression
with a subsequent translation of the HSP70 mRNA, but
only part of it is processed to biologically active proteins. A
subsequent dive might then induce the posttranslational
processing of the inactive HSP70 pool resulting in the high
level of HSP70 observed.

As indicated above, we have previously demonstrated an
association between protection against endothelial injury
due to decompression stress and production of HSP70
(Medby et al. 2008). If the endothelial damage involves
rapid biochemical reactions at the cellular surface, a
protection might require the presence of defense systems
at the time the decompression stress occurs. A mechanism
that involves generation of defense molecules like HSPs
prior to the decompression thus seems attractive, supporting
the assumption that it is the compression or the pressure per
se that induces the HSP70 response. A previous investiga-
tion on rabbits, however, may argue against such a
mechanism. In these experiments, rabbits that had under-
gone rapid decompression followed by hyperbaric oxygen
treatment were less susceptible to DCS following later
decompression. Remarkably, a significant increased expres-
sion of HSP70 was noted only in the animals suffering from
DCS indicating that presence of HSP70 was not sufficient
to protect the animals against DCS (Su et al. 2004).

The results from exposure design 2 indicated that the
order of events was critical for the potentiating effect of
HSP70. In fact, exposure of the cells to a dive prior to heat
shock seemed to decrease the heat shock induction of
HSP70. This observation provides further information
regarding possible mechanisms behind this effect and adds
to the suggestion that a dive itself did not induce synthesis
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Fig. 6 Effects of simulated div-
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posed according to exposure
design 2. The cells were har-
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and represent the average of
three separate dishes+SD. a P<
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d P<0.001 vs. dive 24 h
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of HSP70 but might induce posttranslational processing of
inactive molecules induced by heat shock. Another possi-
bility might be that the dive (as in exposure design 1)
inhibited degradation of HSP70 and thus prolonged the
HSP70 elevation after a heat shock. In both cases, one
might expect that a dive performed prior to a heat shock
had no potentiating effect on the heat shock induction of
HSP70, corresponding with the results observed.

It is interesting to note that a human study on a simulated
saturation dive to 4.1 MPa (41 bar; corresponding to
400 msw) demonstrated a slight decrease in the HSP70
content of blood mononuclear cells during the dive and
with an increase after decompression up to approximately
1.8 times above the predive level. However, the dive was
performed in a He—O, atmosphere with 42-50 kPa O,
(0.42—0.50 bar), and it is therefore difficult to differentiate
the effect of compression/pressure and elevated oxygen
(Matsuo et al. 2000).

HSP90 seemed to be regulated differently from HSP70
since a simulated dive had no significant potentiating effect
on the HSP90 level; only heat shock resulted in a modest
increase either with or without subsequent dive exposure
(Fig. 3). Again, the reversed exposure order (exposure
design 2) displayed a slightly different picture from
exposure design 1, but the difference may be attributed to
the difference in time between exposure and harvesting as
noted for HSP70. The results thus add to those from
exposure design 1 demonstrating significant effects of heat
shock but not of simulated diving. The effect of heat shock
is comparable to that reported from a study demonstrating a
2.5 times increase in HSP90 levels in aorta of rats 24 h after
a heat shock to 42°C, while similar experiments on bovine
endothelial cells exposed to 45°C for 1 h failed to
demonstrate significant increases in HSP90 (Harris et al.
2003). In contrast, a recent study on rats could not
demonstrate any effects on HSP90 in aorta and left
ventricle after a dive to 700 kPa (7 bar) with or without a
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prior heat shock to 42°C (Medby et al. 2008). It should also
be noted that the rather small effect on HSP90 compared to
HSP70 in the present study might be due to the fact that the
basal level of HSP90 was eight times higher (on average)
than the HSP70 level and that changes similar to HSP70 on
a molecular scale would be less noticeable as a fold change.

The present results did not show significant effects on
GSH after a simulated dive alone (Fig. 5, exposure design
1). This is in accordance with previous studies by us
exposing both mouse cells and human lung cells for
simulated diving corresponding to 490 msw (5 MPa;
50 bar) for 24 h in a He/O, atmosphere containing 20 kPa
0O, (0.20 bar) with no effects on intracellular GSH.
However, when the pO, was raised to 40 kPa (0.40 bar),
there was a 40—60% increase in GSH (Djurhuus et al. 1998,
1999, 2006). One might speculate if the elevated oxygen
triggers the GSH system in a similar way as a prior heat
shock does in the present study. This argument fails,
however, since the referred studies also showed that
40 kPa (0.40 bar) oxygen alone inferred a similar increase
in GSH.

A human study performed on divers after a simulated
dive to 250 msw (2.6 MPa; 26 bar) showed a decrease in
GSH content in peripheral blood cells isolated immediately
after end of decompression (Djurhuus et al. 2000).
However, these results are difficult to compare with the
present results since the former were obtained after the
divers had been exposed to high pressure and 35-70 kPa
(0.35-0.70 bar) O, for 7-8 days.

In contrast to the GSH increase that was observed only
after a heat shock followed by a dive (exposure design 1),
exposing the cells in a reverse order (exposure design 2)
demonstrated clearly different results with an increase in
GSH after a simulated dive alone. The reason for this
controversy most probably is that the previous design
determined the GSH immediately after decompression,
while the design 2 allowed for expression of altered GSH
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level for 48 h after decompression. Notably, a heat shock
following the dive seemed to reduce the GSH increase
(Fig. 6), concordant with the effect of heat shock on HSP70
(Fig. 4). These results may add to recent investigations
indicating a marked decrease in the expression of HSP70 in
mice depleted of glutathione (Park et al. 2007). Over-
expression of HSP70 in canine kidney cells has recently
been shown to increase the cellular glutathione red-ox
status, presumably by increasing the activities of glutathi-
one peroxidase and glutathione reductase (Guo et al. 2007).
However, several other investigations have shown
conflicting results, and oxidative stress reduced the intra-
cellular levels in bovine endothelial cells with a concordant
increase in HSP70 gene expression (Aucoin et al. 1995),
and a protein involved in Parkinson's disease have been
shown to upregulate both GSH and HSP70 but by two
independent mechanisms (Zhou and Freed 2005).

The present investigations also clearly showed that
neither heat shock nor dive did change the ratio of reduced
to total glutathione, indicating that even if there was a
relation between GSH level/synthesis and HSP70 expres-
sion, the latter did not modulate the red-ox status of GSH.

Recent studies have indicated significant correlations
between HSP90 and expression of NOS (Sud et al.
2007), and interestingly, a synergistic induction of NOS
expression by HSP70 and HSP90 has recently been
demonstrated in human endothelial cells (Uchiyama et
al. 2007). A further step in the current investigations is to
determine the effect of simulated diving on NOS, the
enzyme responsible for the production of NO, and the
direct relation to the HSP70, HSP90, and glutathione. An
important task for future studies will be an experimental
design that allow for separation of the effects of different
elements of a dive-like compression, pressure per se,
oxygen level, and decompression.

Conclusion

In conclusion, the present results demonstrated that a
simulated dive had notable effects on cellular defense
mechanisms in human endothelial cells after a prior heat
shock, conditions that have previously been shown to
confer protection against endothelial damage due to
decompression sickness. In particular, the study demon-
strated for the first time that a simulated dive had a
potentiating effect on the heat-induced expression of
HSP70, which might involve posttranslational mecha-
nisms. Notably, exposure to a dive prior to heat shock
did not potentiate the heat-induced expression of HSP70
indicating that the order of events was critical and thus
supporting the suggestion that the potentiating effect of
dive was not due to de novo synthesis of HSP70.

Moreover, the results suggested that the effects on
HSP70 were due to compression or the pressure exposure
per se, rather than the decompression. The HSP70
induction after a heat shock and subsequent dive was
followed by an increase in intracellular glutathione level,
while a dive did not seem to have significant effects on the
HSP90 level. More detailed studies of the relationship
between the heat shock proteins, NOS, and glutathione are
currently in progress.
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