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Abstract During therapeutic hyperbaric oxygenation
lymphocytes are exposed to high partial pressures of oxy-
gen. This study aimed to analyze the mechanism of
apoptosis induction by hyperbaric oxygen. For intervals of
0.5-4 h Jurkat-T-cells were exposed to ambient air or
oxygen atmospheres at 1-3 absolute atmospheres. Apop-
tosis was analyzed by phosphatidylserine externalization,
caspase-3 activation and DNA-fragmentation using flow
cytometry. Apoptosis was already induced after 30 min of
hyperbaric oxygenation (HBO, P < 0.05). The death
receptor Fas was downregulated. Inhibition of caspase-9
but not caspase-8 blocked apoptosis induction by HBO.
Hyperbaric oxygen caused a loss of mitochondrial
membrane potential and caspase-9 induction. The mito-
chondrial pro-survival protein Bcl-2 was upregulated, and
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antagonizing Bcl-2 function potentiated apoptosis induc-
tion by HBO. In conclusion, a single exposure to
hyperbaric oxygenation induces lymphocyte apoptosis by a
mitochondrial and not a Fas-related mechanism. Regula-
tion of Fas and Bcl-2 may be regarded as protective
measures of the cell in response to hyperbaric oxygen.
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Introduction

Hyperbaric oxygenation (HBO) and diving with rebreath-
ing systems expose individuals to high oxygen
concentrations. During HBO the patient is placed in a
pressure chamber and is repeatedly exposed to high partial
pressures of oxygen [1, 2]. According to the Undersea and
Hyperbaric Medical Society indications comprise carbon
monoxide poisoning, gas embolism [3], clostridial myo-
necrosis [4], compartment syndrome and other traumatic
ischemia, non-healing wounds [5], necrotizing soft tissue
infections and others [2, 6]. Current research also investi-
gates beneficial effects of HBO in the context of sepsis
[7-10]. HBO increases the physically solved oxygen in
blood multifold resulting in a partial pressure of about
2,200 mmHg and an oxygen concentration of about 27 ml
0O,/dl blood at 3 atmospheres absolute (ATA) [2, 11].
This increased oxygen content is known to cause
several cellular effects including the inhibition of inter-
feron-y [12], interleukin-1§ and tumor necrosis factor o
release [13], a temporary drop in the CD4:CDS8 lympho-
cyte ratio [14], upregulation of the interleukin-2 receptor
and downregulation of the off T-cell receptor [15],
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induction of DNA damage and compensatory heme oxy-
genase-1 upregulation [16-20], decrease of lymphocyte
proliferation [21] and inhibition of human mammary
epithelial proliferation [22]. As an overall effect, at least
in rodents, hyperbaric oxygenation appears to be anti-
inflammatory since it increases the susceptibility to
respiratory infections [23, 24] and delays allograft rejec-
tion [25-27]. While hyperbaric oxygenation may inhibit
apoptosis in models of ischemic brain injury [28, 29] and
ischemic wound healing [30] possibly due to limiting
tissue hypoxia, a single exposure to high partial oxygen
pressure was observed to enhance apoptosis mouse
fibroblasts [31], Jurkat-T-cells, HL-60 cells, murine thy-
mocytes [32] and NCI-H929 [33].

The mechanisms of apoptosis induction by hyperbaric
oxygenation involve reactive oxygen species [32]. More-
over, activation of the p38 MAP-kinase pathway was
observed [33]. In principal, apoptosis may be initiated via
the extrinsic death receptor pathway [34-36] or the
mitochondrial intrinsic pathway [37-39]. The extrinsic
pathway picks up signals by ligation of death receptors
and transmits them to caspase-8 which in turn activates
caspase-3 by cleavage [35]. But apoptosis signals may
also be generated at the mitochondrial level [40]. There,
pro- and antiapoptotic members of the Bcl-2 family of
proteins control, the release of cytochrome ¢, APAF-1 and
caspase-9, forming the apoptosome [41]. The apoptosome
in turn activates caspase-3 [42, 43]. The active effector
caspase-3 then degrades multiple targets leading to the
common phenotype of the apoptotic cell including DNA-
degradation and zeiosis [42]. So far, it is unknown, which
pathway transmits the apoptosis signal induced by
hyperbaric oxygen.

The aims of our study were to further characterize the
apoptotic response to hyperbaric oxygenation in Jurkat-
T-cells and to analyze relative contributions of death
receptor and mitochondrial pathways.

Materials and methods
Cell culture

The human Jurkat T-cell line (ACC 282), which was
established from an acute lymphoblastic leukemia [44],
was cultured in 90% RPMI 1640 + 10% FBS + 2 mM
L-glutamine (Invitrogen [GIBCO], Karlsruhe, Germany)
with 100 U/ml penicillin and 100 pg/ml streptomycin at
37°C with 5% CO,. Cells were cultured at 0.5-1.5 x 10°
cells/ml and a split ratio of 1:3 every 3 days was main-
tained (DSMZ, Braunschweig, Germany). For experiments
cells were placed in 24 well plates in fresh medium at a
density of 1.0 x 10° cells/ml.

@ Springer

Apoptosis induction, caspase and Bcl-2 inhibition

In certain experiments apoptosis was induced by incuba-
tion with the activating monoclonal antibody anti-Fas IgM
(clone CHI11, Immunotech, Marsaille, France) at a final
concentration of 200 ng/ml containing protein G. Apop-
tosis induction with camptothecin (5 uM, Sigma-Aldrich,
Hamburg, Germany) for 12 h was used as positive controls.

The inhibitor (Z-IE(OMe)TD(OMe)-FMK (Z-IETD),
stock solution 5 mM, Merck, Darmstadt, Germany) was
used at 50 pM final concentration to block caspase-8
[45]. To inhibit caspase-9 Z-LE(OMe)HD(OMe)-FMK
(Z-LEHD) was applied [46] at 20 uM final concentration.
EM20-25 (5-(6-Chloro-2,4-dioxo-1,3,4,10-tetrahydro-2H-
9-oxa-1,3-diaza-anthracen-10-yl)-pyrimidine-2,4,6-trione)
is a novel cell permeable Bcl-2 ligand that inhibits Bcl-2
functionality [47]. EM20-25 (Merck, Darmstadt, Germany)
was dissolved in DMSO and applied at 10 uM 30 min prior
to HBO.

Hyperbaric oxygenation

Cells were incubated under iso- or hyperbaric conditions in
a temperature controlled pressure chamber (IDE Power-
Test 110 Mini-Pressure Chamber, International Dive
Equipment, Rosenheim, Germany). Total atmospheric
pressure (absolute atmospheres, ATA) was increased over
8 min to reach isopression of 2 or 3 ATA. Isopression was
maintained for intervals of 30 min to 4 h followed by an
8 min decompression phase to isobaric pressure. Gas
mixtures were used to maintain pH at different pressure
levels. At2 ATA cells were exposed to 97.5% O, and 2.5%
carbon dioxide (CO,), while at 3 ATA a mixture of 98.4%
0, and 1.6% CO, were chosen. For control experiments an
isobaric atmosphere of 95% oxygen (O,) and 5% CO, or an
atmosphere of 21% O, and 5% CO, were used. In addition,
a gas mixture of 7% O,, 1.6% CO, and 91.4% N, was
chosen to obtain normoxic partial pressure at 3 ATA. If not
indicated otherwise, an atmosphere of 21% O, and 5% CO,
at ambient pressure level for 4 h was used as a standard
control (termed sham exposure, “sham exp.”). During
exposure temperature was kept at 37°C. Post exposure cells
were transferred to a cell culture incubator and kept in an
atmosphere of ambient air containing 5% CO, at 37%°C
until further analysis.

Measurement of apoptosis

As a marker of early apoptosis phosphatidylserine (PS)
externalization was measured by annexin V binding.
5 x 10° cells were used per sample. Then they were
incubated  with  annexin-V-fluorescein-isothiocyanate
(Becton Dickinson, Heidelberg, Germany) for 10 min at
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room temperature in Hepes buffer containing calcium
(2,5 mM). Prior to flow cytometric analysis cells were
labeled with the DNA-dye 7-actinoaminomycin (7-AAD,
Becton Dickinson, Heidelberg, Germany) for the detection
of membrane leaks and subjected to data acquisition within
10 min. The percentage of PS* but 7-AAD™ population
was recorded. To test whether HBO induces membrane
permeabilization, in certain experiments, also the percent-
age of cells positive for 7-AAD (and positive for PS1) was
analyzed.

DNA-fragmentation was monitored as the subdiploid
peak in flow cytometry according to Nicoletti et al. [48,
49]. Briefly, 5 x 10° cells were placed for staining in a
hypotonic solution of propidium iodide (50 pg/ml) in 0.1%
sodium citrate plus 0,1% Triton X-100 at 4°C in the dark
overnight before flow cytometric acquisition.

Caspase-3 and -9 activation

For caspase-3 activation measurement 5 x 10° cells were
stained per sample. All steps were carried out at 4°C.
Cells were washed with phosphate buffered saline (PBS,
Sigma—Aldrich, Steinheim, Germany) and fixed with
750 pul PBS containing 4% paraformaldehyde (Sigma-—
Aldrich, Steinheim, Germany). After fixation, cells were
permeabilized with 1 ml PBS containing 0.5% saponin
(Sigma—Aldrich, Steinheim, Germany) and 1% bovine
serum albumin (BSA; Sigma-Aldrich, Steinheim, Ger-
many). Cells were washed twice with PBS (0.5% saponin/
1% BSA). Active caspase-3 was detected by a phycoer-
ythrin (PE)-labeled antibody directed against the active
fragment (Becton Dickinson, Heidelberg, Germany).
Subsequently, cells were washed twice and resuspended in
250 pl PBS (0.5% saponin/1% BSA) for flow cytometric
acquisition.

Caspase-9 activation was analyzed employing a car-
boxyfluorescein analog of zLEHD-FMK (FAM-zLEHD-
FMK Biocarta, San Diego, USA), which irreversibly binds
to activated caspase-9. The assay was carried out according
to manufacturer’s recommendations. Briefly, after washing
5 x 10° cells, they were placed in a total volume of 300 pl
PBS. Ten microliter of a 30x solution of FAM-zLEHD-
FMK were added and cells were incubated at 37°C for 1 h
a cell culture incubator protected from light, followed by
two-washing steps and counterstaining with propidium
iodide (PI). Until flow cytometric acquisition samples were
kept at +4°C. In the flow cytometric analysis only the
PI-negative population was analyzed.

Surface receptor and Bcl-2 protein expression

Death receptor and ligands were detected by staining with
anti-Fas-PE (Becton Dickinson, Heidelberg, Germany),

anti-Fas-ligand (CD178, Euroclone, Wetherby, UK), and
anti-TRAIL (CD253, Euroclone, Wetherby, UK). 5 x 10°
cells were incubated with anti-Fas-PE for 30 min, after
which the sample was fixed with FACS-Lysis-Solution
(Becton Dickinson, Heidelberg, Germany), washed twice
and stored in the dark at 4°C until analysis. Intracellular
Bcl-2 was detected with a specific PE-conjugated mono-
clonal antibody (Becton Dickinson, Heidelberg, Germany)
in parallel to the protocol for caspase-3 staining.

Measurement of mitochondrial membrane potential

Loss of mitochondrial membrane potential was assessed by
JC-1 [50] (BD Biosciences, Heidelberg, Germany) staining
[51, 52] according to manufacturers instructions. Briefly,
0.5 x 10° cells stained with 10 pg/ml JC-1 for 15 min at
37°C in a CO, incubator, followed by two washes. Sub-
sequently cells were subjected to flow cytometric analysis
and fluorescence was recorded at 590 and 525 nm. A loss
of mitochondrial membrane potential was characterized by
a drop in red fluorescence at 590 nm, when JC-1 J-aggre-
gates disintegrate.

Flow cytometry

Stained and fixed cells were measured by flow cytometry
(FACSCalibur, Becton Dickinson, Heidelberg, Germany)
and analyzed with CellQuest Pro software (CellQuest Pro,
Version 4.0.2, Becton Dickinson, Heidelberg, Germany).
Ten thousand events of interest were acquired. Populations
of interest were selected as a result of multiple gating using
forward (cell size) and sideward (cell granularity) scatter
and regions on fluorescence channels 1 or 3. Isotype con-
trols were used for exclusion of background fluorescence;
mono-stained controls were used for color-compensation of
fluorescence channels. The mean fluorescence intensity
(MFI) was recorded. Results were given as linear fluores-
cence units (LFU) or percentage of positive cells.

Statistics

To evaluate differences between different treatments Stu-
dent r-test was performed for 2 groups and ANOVA
analysis was applied for at least 3 groups. To compare time
kinetics of different treatments Two-Way ANOVA analy-
sis was used. For post hoc testing the Bonferroni test was
employed, when appropriate. Values were given as
mean =+ standard error of the mean if not indicated dif-
ferently. Analysis was done with GraphPad for Windows
(Version 3.02, San Diego, CA, USA). Experiments were
carried out in duplicates, and were reproduced at least
twice. Significance was accepted at P < 0.05.
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Results
HBO induces PS-externalization

Jurkat-T-cells were exposed to a 4 h period of hyperbaric
oxygen with a total atmospheric pressure of 3 ATA. PS-
externalization was monitored as a marker of early apoptosis
for 18 h post exposure. While control cells kept at 21% O,
ambient atmosphere did not exhibit increased PS-external-
ization starting from a baseline of 1.86 £ 0.13% (PS™
7-AAD™), HBO significantly increased the percentage of
PS-positive starting from 3 h post treatment (5.72 £ 0.28) to
6.25 £ 0.22% (P < 0.001) at 6 h, increased to 6.54 +
0.19% at 12 hand 8.84 £ 0.69% at 18 h (Fig. 1a). HBO did
not cause relevant membrane permeabilization when ana-
lyzing 7-AAD positivity as a marker of necrosis, Fig. la.

Hyperbaric oxygen causes caspase-3 activation

Even more pronounced was the effect of HBO on the
activation of caspase-3, the main executioner caspase.
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Fig. 1 Hyperbaric oxygen induces apoptosis in a lymphocyte cell
line. Jurkat-T-cells were exposed to HBO (3 ATA) for 4 h or to
ambient oxygen partial pressure for 4 h (sham exposure, “sham
exp.”). After HBO cells were kept in a cell culture incubator for 0, 3,
6, 12 and 18 h post exposure. a Phosphatidylserine (PS) externaliza-
tion was measured by Annexin-V binding. The graph shows the
percentage of PS*T 7-AAD cells. To evaluate the percentage of
necrotic cells also the 7-AAD™ and PS™ population was analyzed.
b Caspase-3 activation was assessed by employing a PE-labeled
antibody against activated caspase-3. The left graph displays propor-
tion of the caspase-3" subpopulation. Apoptosis activation with
camptothecin (CT) 5 uM, was used as a positive control, as displayed
in the right graph. Two-way-ANOVA analysis, n = 3, ***P < 0.001
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While baseline levels remained between 0.43 + 0.14%
and 1.27 + 0.34% caspase-3 positive cells, caspase-3
activation was induced markedly by HBO treatment.
Immediately after exposure caspase-3 activation was still
low but increased to 7.8 & 0.56% at 6 h, 8.93 £+ 0.22% at
12 h and 9.03 £ 0.29% at 18 h post exposure (Fig. 1b).

HBO induces DNA-fragmentation

Jurkat-T-cells were exposed to the HBO-conditions as
described above. To evaluate DNA-fragmentation, the sub-
G1 peak after propidium iodide staining was analyzed 18 h
post apoptosis induction by HBO. In these experiments
DNA-fragmentation was observed in 20.4 £ 0.643% of
cells (P < 0.001) as compared to controls kept at 21% O,
(5.63 £ 0.87%, Fig. 2).
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Fig. 2 HBO results in lymphocyte DNA-fragmentation. Jurkat-
T-cells were exposed to HBO (3 ATA) or to ambient oxygen partial
pressure for 4 h (sham exposure, “sham exp.”), after which cells were
transferred into an incubator for the following 18 h. DNA-fragmen-
tation was monitored using PE-staining of the subdiploid DNA-peak.
a Representative histograms displaying sub-G1 fluorescence in region
MI1. b Proportion of cells with a subdiploid DNA-peak. t-test, n = 3,
***P < 0.001
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Apoptosis increases with a combination of hyperoxia
and hyperbaric conditions

To assess the effect of the hyperoxia alone and the influence
of the absolute atmospheric pressure, Jurkat-T-cells were
exposed to either hyperoxia in a normobaric environment, or
hyperbaric oxygenation at 2 or 3 ATA for a time period of
4 h. The CO, concentrations were adjusted to keep normal
pH. PS-externalization at 12 h post exposure was used as an
indicator of apoptosis and the percentage of PS-positive
cells (PST 7-AAD™) before exposure was used as a refer-
ence. Hyperoxia (95% O, with 5% CO,) alone did not
induce apoptosis. Also, normoxia at 3 ATA (7% O, at 3
ATA) did not induce significant apoptosis (1.09-fold, n.s.).
Hyperbaric oxygen at 2 ATA showed a small but significant
increase (1.4-fold, P < 0.05). At 3 ATA apoptosis induction
was more pronounced (5.2-fold, P < 0.001, Fig. 3a).

Apoptosis increases with exposure time

To evaluate the effect of exposure time Jurkat T-cells were
exposed to 3 ATA for time intervals of 0.5—4 h. Wells just
placed in the exposure chamber (37°C) and immediately
removed without further exposure were used as baseline
controls (0 h). PS-externalization (PST 7-AAD™) was
monitored 9 h after treatment. Exposure already for 30 min
increased PS-externalization significantly (6.47 £ 0.6 4 vs.
3.73 4+ 0.64%, P < 0.01). The effect increased further to
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Fig. 3 Induction of apoptosis requires both hyperoxia and increased
pressure, and is time dependent. a Jurkat-T-cells were exposed to
either normoxia in ambient atmosphere (21% O,, containing 5% CO,,
1 ATA), 7% O,, containing 1.6% CO, at 3 ATA to achieve normoxia
at 3 ATA or hyperoxia (95% O, and 5% CO, at ambient pressure).
HBO was achieved by exposure to 97.5% O, and 2.5% CO, at 2
ATA, or to 98.4% O, and 1.6% CO, at 3 ATA. The duration of
treatments was 4 h, after which cells were transferred back to the cell
culture incubator. PS-externalization (% PS* 7-AAD™) was measured
12 h after exposure and compared to baseline levels before treatment.
n = 3, Two-way ANOVA, *P < 0.05, **P < 0.01. b To analyze the
effect of the duration of treatment, Jurkat-T-cells were exposed to
hyperbaric oxygen at 3 ATA for time intervals ranging from 30 min
to 4 h. The externalization of PS was analyzed 12 h post treatment.
n = 3, ANOVA, **P < 0.01

4 h with 10.0 £ 0.12% PS-positive cells (P < 0.01 vs. 2 h
value, Fig. 3b).

HBO downregulates Fas

To evaluate the effect of hyperbaric oxygen on the regu-
lation of the death receptor and ligand system, we exposed
Jurkat-T-cells to HBO at 3 ATA for 4 h and measured the
membrane associated expression of Fas, Fas ligand (Fas-L)
and TRAIL 12 h after exposure. The baseline expression of
TRAIL and Fas-L. was low in Jurkat-cells and was not
affected significantly by HBO. However, Fas protein was
downregulated 32% by exposure to hyperbaric oxygen
(P < 0.01, Fig. 4a).

Inhibition of caspase-8 does not prevent HBO-induced
caspase-3 activation

We aimed to assess the contribution of the death receptor
pathway to apoptosis induction by hyperbaric oxygen.
Apoptosis in Jurkat-T-cells was induced by HBO (3 ATA,
4 h). Caspase-8 was inhibited 30 min prior to HBO by
addition of Z-IETD. Inhibition of caspase-8 failed to inhibit
the activation of caspase-3 (Fig. 4). An activating anti-Fas-
antibody added prior to HBO potentiated HBO-induced
caspase-3 activation threefold. The effect was abrogated by
addition of Z-IETD. Notably, also in this part of the
experiment only the anti-Fas- but not the HBO-induced
proportion caspase-3 activation could be blocked by cas-
pase-8 inhibition (Fig. 5).

HBO causes loss of mitochondrial membrane potential
and induces caspase-9 activation

To investigate the involvement of the mitochondrial

pathway, depolarization of the mitochondrion was
Fas Fas-L TRAIL
400 50 -
T -
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300 - —
= *k
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Fig. 4 HBO downregulates Fas expression. Jurkat-T-cells were
exposed to HBO (3 ATA) or ambient atmosphere containing 5%
CO, (sham exposure, “sham exp.”) for 4 h. Twelve hours after
exposure, the surface expression of Fas, Fas-ligand (Fas-L) and

TRAIL was assessed by flow cytometry. n = 3, **P < 0.01
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Fig. 5 HBO does not induce apoptosis via caspase-8. To analyze the
involvement of the Fas pathway, Jurkat-T-cells were exposed to
hyperbaric oxygen at 3 ATA (4) or ambient atmosphere with 5% CO,
(—). Caspase-3 activation was evaluated by flow cytometry 12 h post
exposure. Caspase-8 was inhibited by Z-IETD. Additional apoptosis
was induced by an activating anti-Fas antibody (anti-Fas, clone
CH11). The Fas-induced proportion of apoptosis could be blocked by
Z-IETD, but not the HBO-induced caspase-3 activation. n = 3,
*#xP < 0.001

analyzed by loading with JC-1. Jurkat T-cells were exposed
to HBO (3 ATA, 4 h) and were stained 12 h post exposure.
HBO caused a considerable breakdown of mitochondrial
membrane potential. 32.3 + 1.17% cells showed low JC-1
fluorescence, as compared to 4.9 + 0.35% in cells exposed
to 21% O, and 5% CO, at ambient pressure (P < 0.01,
Fig. 6a, b). Caspase-9 is activated by mitochondrial release
of apoptosome components. In Jurkat-T-cells caspase-9
activation was induced 3 and 6 h after HBO (Fig. 6d).

Inhibition of caspase-9 blocks HBO-induced caspase-3
activation

To assess the apoptotic signal transduction from the
mitochondrion to caspase-3 Jurkat-T-cells were pretreated
either with the caspase-9 inhibitor Z-LEHD or solvent
control. After 30 min cells were either exposed to HBO (3
ATA, 4 h) or a control atmosphere at 1 ATA for 4 h.
Twelve hours post exposure caspase-3 activation was
measured. Hyperbaric oxygen increased the caspase-3*
population 4.5-fold as compared to sham exposure
(P < 0.001). Z-LEHD prevented HBO-induced caspase-3
activation almost completely (P < 0.001 vs. HBO,
Fig. 6¢). The inhibitor alone had no significant effect.
Caspase-3 induction by anti-Fas treatment (200 ng/ml
containing protein G for 18 h) could not be blocked by
20 pM z-LEHD in our experimental setting (anti-Fas alone
72.85 £ 3.46% induction, with added z-LEHD 70.68 +
6.70%, n = 3).
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HBO upregulates Bcl-2 and inhibition of Bcl-2 function
potentiates apoptosis

Since the integrity of the outer mitochondrial membrane is
guarded by the Bcl-2 family of proteins, the intracellular
expression of Bcl-2 or of active-caspase-3 was assessed in
Jurkat cells 12 h after exposure to hyperbaric oxygen
(3 ATA, 4 h). Overall, a moderate 1.5 £ 0.13-fold upreg-
ulation of Bcl-2 could be observed in response to HBO
(P < 0.01, Fig. 7b). Pretreatment with the Bcl-2 ligand
EM20-25 disrupts the interaction of Bcl-2 with Bax.
Addition of the ligand without further stimulus did not
cause significant caspase-3-activation. HBO led to a
3.68 £ 0.70-fold increase of the caspase-3-active cell
population (P < 0.05). Pretreatment with EM20-25 clearly
potentiated the induction of apoptosis by HBO. Caspase-3-
activation was increased 8.53 + 1.61-fold as compared to
sham exposed cells (P < 0.01).

Discussion

The study shows that hyperbaric oxygen induces apoptosis
in Jurkat-T-cells by a mitochondrial pathway. This has
potential implications for HBO treatment regarding
immune function. Apoptosis of lymphocytes may contrib-
ute to the immunsupressive effects observed in response to
treatment with hyperbaric oxygen [12-14]. Local reduction
of active lymphocytes may be one of the mechanisms how
HBO extends skin allograft survival [25-27]. On the one
hand hyperbaric oxygenation may have beneficial effects in
the treatment of sepsis, a syndrome with a mortality of 40—
60% [53-55]. On the other hand accelerated apoptosis is
believed to be a central factor in the emergence of dan-
gerous immunosuppression during sepsis [56—58]. Thus,
further studies on HBO-effects during sepsis should
include the analysis of lymphocyte apoptosis since HBO, in
principle may further temporary immunosuppression.

In our study apoptosis induction was a function of total
partial oxygen pressure. An increase in pressure to 3 ATA
under normoxia did not result in significant induction of
programmed cell death. Apoptosis induction was signifi-
cant at 2 and 3 ATA. This pressure range is well reached
during common HBO treatment schemes. The classical
Boerema strategy uses 3 ATA [2]. For grafts, flaps [1] or
problem wounds [6] a pressure range between 2.0 and 2.5
ATA is commonly utilized. In time kinetic studies exter-
nalization and caspase-3 activation were increased starting
from 30 min up to 4 h exposure time. This time frame lies
well within the duration of common treatment forms.
HBO-treatments range from 30 min to 2 h of exposure to
100% oxygen and are commonly repeated several times per
week [1, 2, 6]. Thus, exposure conditions in our study
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Fig. 6 HBO induces apoptosis a
via a mitochondrial pathway.

0

Jurkat-cells were placed in an
HBO chamber at 3ATA (98.5%
0O,) or at 1 ATA (21% O,, 5%
CO,) as sham controls (sham =
exposure, “sham exp.”) for 4 h.

Afterwards, cells were kept in a

cell culture incubator for 12 h or T
the indicated time point until
staining with JC-1 or staining
for caspase-3/-9 activation, and
subsequent flow cytometry. =
a Representative dot plots of

sham exp., 1 bar 4h

JC-1 staining. The region of SR
interest contains cells with a = | &
loss of JC-1 fluorescence in ) 200 aho 600 00 1000 C 6 280 40 6h0 800 1000
channel 2. b Percentage of cells FSCH FSCH
bearing low JC-1 fluorescence,
n =3, ¥P < 0.01. ¢ Prior to b 35 - c ok
HBO cells were pre-treated with 3 7
either Z-LEHD to inhibit 30
caspase-9 or with a solvent
control and caspase-3 activation T 257 @ =
o o) 4
was measured. Data were ‘; @ 8 2
expressed as fold induction of o 20 1 & S
active caspase-3 in reference to o g2
sham exposed controls ""_' 15 1 o § —_
(indicated as “—7), n = 3 Y £9 17
##5P < 0.001. d Caspase-9 S 104 ©
activation was evaluated at 3
and 6 h post HBO by staining ST
with FAM-zZLEHD-FMK as 0
indicated in “Methods”. n = 3 0 HBO - - + +
#EP < 0.01, ##4P < 0.001 sham exp.
Z-LEHD - + - +
d 12—
10 —
2
o 8-
g *%
& 6-
8
2 4 _T
8
2 —
0 T
sham exp. 3h 6h

time post HBO

reflect exposure conditions of lymphocytes in common
HBO treatment strategies.

Investigating the death receptor pathway in HBO-
induced apoptosis we could show that the main death
receptor Fas is clearly downregulated by HBO. No sig-
nificant regulation of its ligand was observed. The
downregulation of Fas may be a protective activity of the
cell in response to stress. The apoptotic signal of death
receptors is transduced to caspase-8 via FADD [35].

Inhibition of caspase-8 blocks the signal to caspase-3 and
inhibits execution of apoptosis [46, 59]. Using the inhibitor
Z-1ETD [45] we could show that HBO-mediated apoptosis
is not transmitted via caspase-8 and thus probably not via
the death receptor Fas.

The release of mitochondrial proapoptotic factors often
is accompanied by the breakdown of mitochondrial mem-
brane potential [60]. In our experimental setting hyperbaric
oxygen induced the loss of mitochondrial membrane
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Fig. 7 Jurkat-T-Cells need Bcl-2 to protect against HBO-mediated
apoptosis. To assess Bcl-2 expression in the Jurkat-line, cells were
exposed to HBO (3 ATA) or ambient atmosphere containing 5% CO,
(sham exposure, “sham exp.”) for 4 h. Twelve hours after exposure
cell were stained for intracellular Bcl-2 or active caspse-3 and
subjected to flow cytometry. a Overlay histogram of a representative
experiment. b Bcl-2 content of the total population after HBO,
expressed as linear fluorescence units. n = 6, **P < 0.01. ¢ Thirty
minutes prior to HBO (+) or sham treatment (—) cells were pretreated
with the Bcl-2 ligand EM20-25 in order to antagonize Bcl-2 pro-
survival activity. Caspase-3 activation was analyzed 12 h post
exposure. Data were expressed as fold increase of the cell population
with active caspase-3 in reference to sham exposed cells, n = 3,
##P < 0.01

potential. Therefore, we suspect the involvement of a
mitochondrial pathway to induce cell death. This is backed
by the finding, that apoptosis induction by HBO was sen-
sitive to caspase-9 inhibition.

Since the mitochondrial outer membrane permeabili-
zation is controlled by the Bcl-2 family [61], we next
investigated the expression of Bcl-2. For example in

@ Springer

sepsis, Bcl-2 downregulation may sensitize lymphocytes
to undergo apoptosis [62]. Surprisingly, we found Bcl-2
protein upregulation in the majority of cells, which
confers protection of the mitochondrial integrity. Simi-
larly, repeated HBO elevated hippocampal Bcl-2
expression in gerbils [63]. Heme-oxygenase-1 is known
to be upregulated in response to HBO in cell cultures
[18] as well as in human volunteers [20]. Induction of
heme oxygenase-1 protected against HBO-mediated
DNA-damage [16-18, 20]. In analogy to the findings
regarding heme oxygenase-l1 we propose that the
upregulation of Bcl-2 may be a protective mechanism of
counter regulation in response to proapoptotic stress by
hyperbaric oxygen. Therefore, mitochondrial mechanisms
independent of Bcl-2 may be involved in apoptosis
induction by HBO.

The protective role of Bcl-2 upregulation in response to
HBO is further supported by our data employing EM20-25
a small organic Bcl-2 ligand. EM20-25 has been shown to
disrupt Bcl-2/Bax interaction without affecting mitochon-
drial respiration [47]. In our model it did not induce
apoptosis per se, but it sensitized Jurkat-T-cells for apop-
tosis induction by HBO. Thus Bcl-2 appears to be a critical
survival factor in the protection against HBO-induced cell
death. HBO currently is discussed as a potential additive
treatment for leukemia [64]. So far it is unknown, whether
human primary lymphocytes also undergo apoptosis in
response to HBO in vivo. In this context, the combination
of HBO and apoptosis inducing agents may be a promising
approach.

In our study we described the effects of a single expo-
sure to HBO. In analogy to the heme-oxygenase-1
mediated upregulation achieved by repetitive HBO [16, 18]
an anti-apoptotic gene regulation with increased levels of
Bcl-2 and reduced levels of Fas may confer protection
against apoptosis after repeated exposure to HBO. This
may also help to explain conflicting data from animal
experiments where HBO inhibited apoptosis in models of
tissue hypoxia [28, 29]. Future experiments need to further
analyze the relevance of Blc-2 upregulation and Fas
downregulation.

Hyperbaric oxygen causes oxidative stress. The use of a
cell culture system with medium may be a limitation of
our study [65]. Serum contains antioxidant enzymes and
other antioxidants. Thus in vivo, oxidative stress by O,
may be dampened by the cellular environment. In vitro,
cells may be more susceptible to oxidative stress.
Although diatomic oxygen molecule is a free radical
containing two unpaired electrons it is fairly unreactive
[66]. While other reactive gases such as ozone (O3), nitric
oxide (NO,) or cigarette smoke readily react with many
plasma components and cause oxidation/loss of antioxi-
dants, formation of protein carbonyls and reduction of -SH
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groups [66, 67], O, mainly produces other reactive oxygen
species via reactions predominantly located within cells
[66]. Ganguly et al. [32] demonstrated that HBO increases
oxygen partial pressure not only in the medium but within
the cell itself multifold. They also observed increased
H,0, production in Jurkat-T-cells. Supplementing the
medium with catalase did not inhibit apoptosis, and
ascorbic acid probably acted via reducing intracellular
H,0, levels. Thus, potentially O, effects on cells may not
depend on medium components as much as the effects of
other reactive gases. Cell culture media contain lower
concentrations of ascorbic acid than serum. A lack of
ascorbic acid is shown to cause induction of hypoxia-
inducible factor (HIF) [68]. HIF-induction inhibits apop-
tosis in neutrophils and radiation-induced apoptosis in
Jurkat-cells [68, 69]. Thus, this effect should not lead to
overestimation of apoptosis induced by HBO in cell cul-
ture using cell culture medium.

A single exposure to HBO decreased vitamin C and
elevated lipid peroxides in human volunteers [70]. Scuba
diving at 40 m for 25 min increased lymphocyte H,0,
production [71]. A series of 15 HBO treatments increased
malondialdehyde and caused reduced activities of super-
oxide dismutase and catalase [72]. Supplementation with a
plant superoxide dismutase prior to HBO inhibited lipid
peroxidation as indicated by lowered F2-isoprostane levels
[19]. It is well known that mitochondria-generated reactive
oxygen species are involved in the release of cytochrome ¢
and other pro-apoptotic proteins from the mitochondrion
[73]. This is consistent with our finding that the HBO
induced apoptosis via the mitochondrion. Oxidative stress
caused by HBO may potentially result in the formation of
pro-apoptotic substances in the cell or in the medium.
Further studies need to address the exact mechanism, how
oxidative stress caused by HBO activates the mitochondrial
pathway of apoptosis.

Conclusion

Hyperbaric oxygen induces apoptosis in Jurkat-T-cells
via a mitochondrial mechanism. A single exposure to
hyperbaric oxygen by HBO-therapy or diving with
100%-oxygen using rebreathing systems in principle may
induce accelerated lymphocyte cell death. These findings
underline the immunomodulatory effect of hyperbaric
oxygen. Further human studies should explore this effect
in vivo.
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