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Purpose: Decompression sickness (DCS) is a poorly understood systemic disease caused by
inadequate desaturation following a reduction in ambient pressure. Although recent studies
highlight the importance of circulating factors, the available data are still puzzling. In this
study, we aimed to identify proteins and biological pathways involved in the development of
DCS in rats.
Experimental design: Eighteen male Sprague-Dawley rats were subjected to a same simulated
air dive to 1000 kPa absolute pressure and divided into two groups: no DCS or DCS. A third
control group remained at atmospheric pressure. Venous blood was collected after hyperbaric
exposure and the plasma proteomes from four individuals per group were analyzed by using a
two-dimensional electrophoresis-based proteomic strategy.
Results: Quantitative analysis identified nine protein spots with abundances significantly
changed (false discovery rate < 0.1) between the tested conditions. Three protein spots,
identified as Apolipoprotein A1, Serine Protease Inhibitor A3K (Serpin A3K), and Alpha-
1-antiproteinase, appeared increased in DCS animals but displayed only weak changes. By
contrast, one protein spot identified as Transthyretin (TTR) dramatically decreased (i.e. quite
disappeared) in animals displaying DCS symptoms. Before diving, TTR level was not different
in DCS than nondiving group.
Conclusion: These results may lead to the use of TTR as an early biomarker of DCS.
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1 Introduction

Decompression sickness (DCS) is the most serious
danger for Self-Contained Underwater Breathing Appara-
tus (SCUBA) divers but it may also occur among caisson
workers, hyperbaric chamber nurses, tunnellers, high alti-
tude pilots, astronauts performing extravehicular activity, or
individuals escaping entrapment from a disabled submarine.
Among recreational diving cohorts the estimated incidence of
DCS averages 1.55 per 1000 dives [1]. Spinal cord DCS, which
is the more severe form of DCS, represents 40–45% of total
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DCS cases and manifests in a broad array of symptoms that
can result in severe morbidity, life-long disabilities, and even
death [2]. Among these most serious cases, 20–30% of divers
will suffer definitive sequelae. Although the appearance of
DCS is linked to the presence of intravascular bubbles, even
high amounts of circulating bubbles do not necessarily lead
to DCS [3], indicating that the presence of bubbles is not suf-
ficient to evoke DCS, and that other mechanisms, which still
are unclear, are involved. Previous studies showed that an
increase of oxidative stress, which correlates with the severity
of decompression [4], is clearly involved in the dive-induced
impairment of vessel function [5, 6], although its implication
in the development of DCS is not yet established. An acti-
vation of the coagulation cascade has also been shown [4, 7]
as well as a release of circulating microparticles [8, 9]. The
immune system is also affected by scuba diving even in the
absence of symptoms of DCS, as shown by the activation of
neutrophils, monocytes, and macrophages while lymphocyte
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Clinical Relevance

DCS is a poorly understood systemic pathology, with
a wide variety of symptoms. Numerous studies have
shown that a lot of physiological mechanisms are in-
volved, such as platelet aggregation, endothelial dys-
function, or immune system activation. The study
of protein expression could show a link between

those mechanisms, allowing a better understanding
of this pathology. Furthermore, this work may bring
out biomarkers linked to the appearance of DCS and
lead to better patient care. Results from this study are
therefore relevant both to fundamental and applied
research.

activity is suppressed [10–12]. However, even if these factors
seem to be linked with DCS, none of these appear determi-
nant in the onset of this pathology.

Proteomics offers a modern tool to explore protein re-
sponses to changes occurring during the dive, especially in
terms of posttranslational regulations or modifications. In
general, plasma proteins are synthesized in the liver, but they
also come from other various tissues and cells. Consequently,
plasma protein levels may reflect body responses to a specific
stress such as diving. Proteomic analyses have been used in
numerous studies and on various themes. Choi et al. [13] used
these techniques to characterize up- and downregulations of
plasma protein levels upon H1N1-infected patients in order
to find early biomarkers of H1N1 influenza viral infection.
Trifonova et al. [14] also worked on blood proteome to in-
vestigate the effects of long-term confinement in an isolation
chamber. Julian et al. [15] used proteomics to show that an
exposure to hypoxia enhances enzymatic antioxidant systems
in individuals who develop Acute Mountain Sickness. Eftedal
et al. [10] used a transcriptomic approach to show that scuba
diving significantly affects the blood transcriptome, and by
doing so could affect the blood proteome. In this context,
plasma can be used as it interacts with the whole organism.
Furthermore, a sample of blood can be easily collected and
does not require any surgical procedure, which is of interest
for a potential future prevention strategy.

The aim of this study was to quantify differences in the
proteome of both asymptomatic rats and rats with DCS both
before and after a simulated dive to identify specific pro-
tein responses to diving stress in order to find early specific
biomarkers of DCS, and possibly predict individual DCS sus-
ceptibility. This is the first proteomic study in plasma proteins
of rats with DCS.

2 Methods

2.1 Animal model

Animal experiments were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH Publication
No. 85-23, revised 1996) and with the approval of the Univer-
sité de Bretagne Occidentale Ethics Committee for Animal
Experimentation.

Eighteen male Sprague-Dawley rats were obtained from
Janvier SAS (France). Animals were housed in the university
vivarium for at least 7 days after arrival, two per cage in
an environmentally controlled room (temperature 21 ± 1�C,
12–12 h light-dark cycle). They were fed standard rat chow
and water.

2.2 Chemicals

Thiourea (VWR Chemicals, ref. M226), Urea (GE Health-
care/Plus One, ref. 17-1319-01), CHAPS (ARESCO, ref.
M127), DTT (GE Healthcare/Plus One, ref. 17-1318-02),
Bromophenol Blue (Sigma, ref. B0126), Bradford (Bio-
Rad ref. 500-0006), Acrylamide (Applichem, ref. A3626),
SDS (Merck Millipore, ref. 8.22050), APS (Interchim, ref.
UP306098), TEMED (Sigma, ref. T9281), Agarose (Inter-
chim, ref. 31772L), IodoAcetate (GE Healthcare/Amersham,
ref. RPN6302), EDTA (Amresco, ref. 0245), Glycerol
(VWR Chemicals, ref. 24387-292), Coomassie Blue (GE
Healthcare/Plus One, ref. PhastGel Blue R-350/17-0518-
01), Methanol (VWR, ref. 20847. 368), Acetic Acid (Sigma,
refA6283), and CuS04 (Acros Organic, ref. 1977110000).

2.3 Simulated dive protocol

Because both age and weight are known to influence the prob-
ability of DCS [16, 17], animals used in these experiments
were all the same age (11-wks-old) and of similar weights
(410 ± 30 g) at the day of the experiment. Each rat was
compressed in a 130-liter steel hyperbaric chamber, always
in the morning at 7 a.m. to avoid interference with biological
rhythm. Animals were randomly assigned to diving or control
group. To study the effect of diving and DCS, rats were com-
pressed with air at a rate of 100 kPa/min up to 1000 kPa abso-
lute pressure (equivalent to a depth of 90 meters of sea water)
and remained at maximum pressure for 45 min. Thereafter,
decompression was performed at a rate of 100 kPa/min be-
fore pausing for three decompression stops: 5 min at 200 kPa,
5 min at 160 kPa, and 10 min at 130 kPa. Total hyperbaric
exposure duration was 83 min. Following decompression the
rats were observed for 1 h for four standard signs of DCS
in the rat, specifically respiratory distress, difficulty walking,
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paralysis, convulsions, or death [4, 18]. To use the same div-
ing protocol enabled us to compare animals that differed by
the occurrence or not of DCS only since they were exposed
to the same diving parameters (oxygen partial pressure, total
pressure, dive duration). A control group of rats (n = 6) was
similarly confined but not exposed to elevated ambient pres-
sure, and observed for 1 h before physiological investigation.

2.4 Sampling

Blood samples were collected from each rat before and after
diving. One milliliter of blood (i.e. <5% of the animal’s total
blood volume) was collected by retroorbital sinus on anes-
thetized animals (Ketamine 80 mg/kg, Xylazine 15 mg/kg
intraperitoneally) 14 days before diving in order to ensure
full recovery of the hematological status of rats at the day of
the hyperbaric exposure [19]. After the simulated dive blood
samples were collected immediately after symptoms of DCS
or at the end of the observation period by intracardiac punc-
ture in animals anesthetized with intraperitoneal administra-
tion of Ketamine/Xylazine (80/15 mg/kg). All samples were
centrifuged (5000 × g, 10 min, 4�C) and supernatant was
collected and stored at −80�C.

2.5 IEF and SDS-PAGE analysis

For proteomic analysis, approx. 10 �L of plasma (500 �g
of proteins) from four animals in each group (control, No
DCS, DCS) were added to 250 �L of Destreak rehydration
solution (GE Healthcare) with 1% of IPG buffer pH 4–7
(GE Healthcare). IPG strips (pH 4–7, 13 cm; GE Healthcare)
were passively rehydrated with the protein solution in wells
for 14 h. Isoelectric focusing was conducted using an Ettan
IPGphor3 IEF (GE Healthcare) with the following protocol:
250 V for 15 min, 500 V for 2 h, gradient voltage increased to
1000 V for 1 h, gradient voltage increased to 8000 V for 2.5 h,
8000 V for 3 h, and finally reduced to 500 V. IPG strips were
then placed in an equilibration solution (SDS 2%, urea 6 M,
EDTA 0.5 M, bromophenol blue 20 mg, Tris–HCL 1.5 M,
Glycerol 30%) with DTT (10 mg/mL) for 15 min, and in the
same equilibration solution with IAA (48 mg/mL) for the
next 15 min in order to trigger the carbamidomethylation of
cysteine residues. IPG strips were placed on top of 12% poly-
acrylamide gels in TGS 1X (Tris 250 mM, Glycine 1920 mM,
SDS 1%), which were run in thermoregulated electrophorese
unit at 10�C (SE 600; Hoefer Inc.) at 10 mA per gel for 1 h
and then 30 mA per gel until complete migration. Gels were
subsequently stained with Coomassie Blue (PhastGel R350,
GE Healthcare) and unspecific coloration was destained with
an aqueous solution containing 30% methanol and 7% acetic
acid. The resulting gels were scanned with a transparency
scanner (G:BoxChemi XL 1.4; SynGene) in gray scale with
16-bit depth and a resolution of 100 dpi.

2.6 Gel image analysis and statistical analysis

of protein’s abundance

Images were aligned and spots were detected and quantified
using the ProgenesisSameSpots software (version 3.3, Non-
linear Dynamics) with manual alignment completed by auto-
mated algorithm. All detected spots were manually checked
and artifact spots were removed. Data were exported as vol-
ume raw values and statistical analyses were conducted in
R [20] using the package prot2D [21] from the Bioconductor
suite [22]. Data were normalized (quantile normalization) and
the samples from animals presenting a symptom of DCS af-
ter diving (n = 4) were compared to those from asymptomatic
ones (n = 4). For comparisons, we used a moderated t-test,
which is a modified t-test, for which the standard errors were
moderated across spots, increasing the reliability of the test
[21, 23]. Once the values of moderated t-test were calculated,
p-values were corrected using a false discovery rate (fdr), in
order to take into account multiple comparison issues. Spots
with an fdr threshold <0.1 were considered as differentially
expressed.

2.7 Protein identification by MS

Proteins for which abundance changed between groups were
excised from gels and prepared for analysis by MS. Gel
pieces were first washed in 50 mM ammonium bicarbonate
(BICAM), and then dehydrated in 100% ACN. Gel pieces were
vacuum-dried, and rehydrated with BICAM containing 0.5 �g
MS-grade porcine trypsin (Pierce Thermo Scientific), and in-
cubated overnight at 37�C. Peptides were extracted from the
gels essentially as described in Artigaud et al. [24], by alter-
native washing with 50 mM BICAM and ACN, and with 5%
formic acid and ACN. Between each step, the supernatants
were pooled, and finally concentrated by evaporation using a
centrifugal evaporator (Concentrator 5301, Eppendorf).

MS experiments were carried out on an AB Sciex 5800
proteomics analyzer equipped with TOF/TOF ion optics and
an OptiBeamTM on-axis laser irradiation with 1000 Hz rep-
etition rate. The system was calibrated immediately before
analysis with a mixture of Angiotensin I, Angiotensin II, Neu-
rotensin, ACTH clip (1–17), and ACTH clip (18–39) and mass
precision was better than 50 ppm. After tryptic digestion, the
dry sample was resuspended in 10 �L of 0.1% TFA. A 1 �L vol-
ume of this peptide solution was mixed with 10 �L volumes of
solutions of 5 mg/mL �-cyano-4-hydroxycinnamic acid ma-
trix prepared in a diluant solution of 50% ACN with 0.1%
TFA. The mixture was spotted on a stainless steel Opti-TOF
384 target; the droplet was allowed to evaporate before intro-
ducing the target into the mass spectrometer. All acquisitions
were taken in automatic mode. A laser intensity of 3400 was
typically employed for ionizing. MS spectra were acquired
in the positive reflector mode by summarizing 1000 single
spectra (5 × 200) in the mass range from 700 to 4000 Da.
MS/MS spectra were acquired in the positive MS/MS
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Table 1. Mean weight by DCS outcome

Group Control DCS Asymptomatic

Weight (g) 468 ± 10 470 ± 26 454 ± 25

reflector mode by summarizing a maximum of 2500 sin-
gle spectra (10 × 250) with a laser intensity of 4200. For the
MS/MS experiments, the acceleration voltage applied was
1 kV and air was used as the collision gas. Gas pressure
medium was selected as settings. The fragmentation pattern
was used to determine the sequence of the peptide.

Database searching was performed using the MASCOT
2.4.0 program (Matrix Science). Two databases were used:
a homemade list of well-known contaminants (keratins and
trypsin; 21 entries) and an updated compilation of the Swiss-
Prot database with Rattus norvegicus as the selected species.

The variable modifications allowed were as follows: car-
bamidomethylation of cystein, K-acetylation, methionine oxi-
dation, and dioxidation. “Trypsin” was selected as enzyme,
and three miscleavages were also allowed. Mass accuracy
was set to 300 ppm and 0.6 Da for MS and MS/MS mode,
respectively.

3 Results

3.1 DCS outcome

The hyperbaric protocol induced 33.3% of DCS (DCS: n = 6;
No DCS: n = 12). Mean weight by DCS outcome is shown in
Table 1. No weight difference was observed between groups.
None of the control rats (n = 6) showed clinical signs of DCS
during the observation period.

3.2 2DE proteomic analysis of plasma proteins

expressed differently in DCS rats

Plasma proteins extracted from DCS and non-DCS rats after
diving were separated by 2DE. Electrophoregrams were anal-
ysed by using progenesis Same Spot (version 3.3). In all, 226

proteins spots could be aligned on all gels, and their relative
intensities (normalized volumes) extracted for statistical anal-
ysis by using the recently developed prot2D R package. No
differences were found between control group and asymp-
tomatic group (data not shown). Nine protein spots showed
an abundance significantly changed (fdr < 0.1) between
asymptomatic and DCS rats. Eight of these nine proteins were
identified by MS/MS and are listed in Table 2. Among these
proteins, the protein spot number 182 dramatically decreased
(up to sixfold) in animals displaying DCS symptoms but was
not changed by diving itself (Figs. 1 and 2). MS/MS identi-
fied the protein 182 as transthyretin (TTR). To further assess
whether this protein was already absent before the hyperbaric
exposure in these animals or was decreased during DCS, we
compared the plasma proteome of these animals before DCS,
to that of the control group. No significant differences in the
proteome were found between these two groups, indicating
that the occurrence of DCS was associated with a postdiving
drop in the level of this protein.

Furthermore, spot TTR(m) (cf. Fig. 1) was also identified
as TTR by MS. The position of spot TTR(m) compare to spot
182 (similar on the x axis but lower on the y axis) suggests that
this is a monomeric form of TTR with similar pI but a lower
molecular weight (MW). The results showed no difference of
relative intensity of this spot.

4 Discussion

This study identifies differences among the proteome of rats
before and after a single exposure to hyperbaric conditions.
Plasma proteins were separated by IEF and SDS-PAGE, and
identified by MS/MS. We showed that rats with DCS have
significant changes in their proteome by comparing them
with the asymptomatic ones. Indeed, nine spots representing
five proteins were differentially expressed after the simulated
dive in the plasma of rats which displayed signs of DCS. A
particular protein, TTR, nearly disappeared among rats with
DCS. This raised the question of the presence of this pro-
tein before diving. The plasma proteome of these rats before
diving was not different from the proteome of control rats

Table 2. Proteins identification

Description MASCOT score Mass (kDa) Coverage (%) #Peptides
(specific + dupli-
cates)

Fold (asymp-
tomatic/DCS)

140 Alpha-1-antiproteinase 57,55 46 106 7,40 3 + 0 0, 57
142 Alpha-1-antiproteinase 97,13 46 106 9,31 4 + 2 0, 70
158 Serine protease inhibitor A3K 174,81 46 532 12,77 4 + 2 2, 34
182 TTR OS = Rattus norvegicus 826,91 15 709 67,35 8 + 7 6, 18
191 Alpha-1-macroglobulin 580,99 167 019 8,83 10 + 7 1, 93
222 Alpha-1-macroglobulin 369,63 167 019 6,13 8 + 3 0, 7
296 Apolipoprotein A-I 505,28 30 043 40,66 9 + 5 0, 68
301 Apolipoprotein A-I 463,06 30 043 39,93 8 + 5 0, 28

Proteins of interest from rat plasma samples have been identified by MS/MS. Fold column describe relative changes of protein levels of
asymptomatic group compared to DCS group.
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Figure 1. Representative 2DE Gels (pH 4–7, SDS-PAGE 12%) for Rattus norvegicus plasma proteins from DCS group (A) and asymptomatic
group (B).

Figure 2. Normalized volumes of protein spot 182 (TTR) among
each group. Plasma proteins of rats were separated on bidimen-
sional gel electrophoresis (pH 4–7, 12% acrylamide). Volumes of
protein spot 182 (TTR) were measured and normalized for each
group (DCS before and after diving, Asymptomatic and Control
group). Dotted line with black triangle represents DCS group be-
fore diving. Mean differences are significant between DCS group
after diving and DCS group before diving (p < 0.01), control group
(p < 0.01) and asymptomatic group (p < 0.001). There is no sig-
nificant difference between the DCS group before diving and the
control group or asymptomatic group.

thus showing that TTR disappeared during the development
of DCS.

The proteins that were identified in this study are rather
abundant in the plasma [25]. It is important to keep in mind
that bidimensional electrophoresis is technically biased to-
ward most abundant proteins. However, the protocol used
in this study has allowed the separation of 226 protein spots
that have not been cloaked by any major protein. Further-
more, the use of kits to precipitate these abundant proteins
led to strongly biased results and therefore was not kept in

the final protocol. Taking into account these considerations,
the proteomic protocol described in this study is a simple and
efficient bidimensional electrophoresis protocol to screen a
wide variety of plasma proteins.

Apolipoprotein A1 was present in two spots, both in-
creased in animals which suffered DCS as compared to
asymptomatic rats. Apolipoproteins are blood proteins linked
to lipoproteins, ensuring their solubilization. Variations in
ApoA1 affect cholesterol metabolism, which in turn alters the
risk of heart disease. Apo1/ApoB ratio is used as a marker of
cardiovascular risk, Apo1 being constitutive of High Density
Lipoprotein (HDL) and considered as an anti-inflammatory
and antioxidant protein. However, HDL protective activity
may be altered during acute inflammation, converted into
a dysfunctional and proinflammatory particle which fails to
prevent Low Density Lipoprotein (LDL) oxidation [26]. Varia-
tions in ApoA1 abundance are also associated with amyloid
pathologies [27]. In the present study, ApoA1 was increased
in the plasma obtained from animals suffering DCS, sug-
gesting that HDL levels might be linked with the occurrence
of DCS. The variations of Apolipoproteins observed in this
study may be a consequence of changes in lipid metabolism,
which would be consistent with the hypothesis that lower-
ing cholesterol levels might influence DCS occurrence on
both physiological and biophysical aspects by an activation
of eNOS and a diminution of bubble formation [28]. These
changes in lipid metabolism are still hypothesized and must
be addressed in future studies.

Alpha-1-antiproteinase, or alpha-1-antitrypsine (A1AT), is
a protease inhibitor belonging to the serpin (Serum Protease
Inhibitor) family, which protects tissues from inflammatory
processes [29]. Its concentration may increase upon acute
inflammation. In the present study, the DCS group showed a
1.8- (spot 142) and 1.4- (spot 140) fold increase of A1AT, which
may either suggest an involvement of this protein in the
mechanisms of DCS, or may show inflammatory processes
during diving. However, our study also shows a decrease
of SerpinA3K (alpha-1-antichymotrypsin). This protein also
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belongs to the serpin family and its level would rise upon
acute inflammatory processes [30]. This protein protects
the lower respiratory tract from neutrophils and mast cells
by inhibition of Cathepsin G and Chymase activity. This
function of SerpinA3K may have protected asymptomatic an-
imals from DCS (2.3-fold protein level among asymptomatic
group compared to DCS group). Furthermore, Chymase and
Cathepsin G can convert Angiotensin 1 into Angiotensin 2.
It has been shown that Angiotensin 2 induces liberation of
procoagulant microparticles, and thus may lead to throm-
bosis events [31]. Therefore, downregulation of Serpina3K
among DCS rats may affect both the renin–angiotensin
system and DCS outcome. These findings are consistent
with current hypotheses about DCS mechanisms. Additional
studies are needed to further confirm or not the link between
these protein and DCS.

TTR or prealbumin is a homotetrameric protein with a
mass of 55 kDa, with four identical monomers of 127 amino
acids [32]. This protein functions as a transport protein for two
thyroid hormones, thyroxine (T4) and triiodothyronine (T3),
and for retinol. In our study, the amount of tetrameric TTR
strongly decreased in animals experiencing DCS (73-fold).
The decrease of tetrameric TTR was previously described
in several pathologies including amyloid diseases such as
familial polyneuropathy, senile systemic amyloidosis, and
amyloidotic cardiomyopathy [33]. This protein is also used as a
negative acute-phase marker; TTR concentrations markedly
decrease in case of acute inflammation. Some studies de-
scribed dissociation of the tetrameric TTR into its monomeric
form when exposed to low pH [34], conversely in the case of
amyloidotic pathology the TTR is aggregated, resulting in a
nonfunctional “amyloidogenic state” [35–37]. Interestingly, in
our study we identified the monomeric TTR in our gels (spot
TTR(m) Fig. 1) but no significant difference in quantity was
observed between DCS and asymptomatic animals (data not
shown). Furthermore, TTR-linked diseases involved a vari-
ation in TTR gene sequences and the existence of different
TTR isoforms [38,39]. Further studies will focus on the search
of mutation in TTR gene that could influence the stability of
tetramers, and thus could be related to DCS. These studies
will also point out the presence or not of TTR aggregates in
the plasma of DCS rats.

The exact mechanism linking TTR and DCS are still to
be determined. However, considered as a negative acute-
phase marker, TTR decrease midst rats in DCS observed in
this present study is consistent with the current hypotheses
about proinflammatory events during diving, showing that
hyperbaric conditions could trigger an acute inflammation,
which would lead to DCS.

5 Conclusions

In conclusion, this study found that a variation of the plasma
proteome of rats is associated with DCS. This variation seems
to highlight proinflammatory processes occurring among an-

imals in DCS. This work identified a set of plasma proteins
whose level was modified during DCS. In particular, we evi-
denced a dramatic drop in TTR concentration in the plasma
of rats that suffered DCS. This protein could be used as an
early biomarker of DCS. However, the mechanism linking
the decrease in TTR concentration and DCS remain to be de-
termined. In the future, we will focus on the determination of
the TTR genes structures in relation with the TTR multimers
stability in the different DCS phenotypes. Future studies will
also focus on the specific role of the dive itself, to investigate
whether diving modifies the plasma proteome, regardless of
DCS occurrence.
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