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Objectives: We investigated the involvement of the proteasome in the mechanism of

preconditioning with hyperbaric oxygen (HBO-PC).

Methods: The experiments were performed on male Wistar rats subjected to a transient

global cerebral ischemia of 5min duration (2-vessel occlusion model) and preconditioned

or not with HBO for 5 preceding days (1 h HBO at 2.5 atmosphere absolute [ATA] daily).

In subgroups of preconditioned rats, the proteasome inhibitor MG132 was administered

30min prior to each preconditioning session. Twenty-four hours and 7 days post-

ischemia, after neurobehavioral assessment, the brains were collected and evaluated

for morphological changes and quantitative immunohistochemistry of cell markers and

apoptosis-related proteins.

Results: We observed reduced damage of CA1 pyramidal cells in the HBO

preconditioned group only at 7 days post-ischemia. However, both at early (24 h) and

later (7 days) time points, HBO-PC enhanced the tissue expression of 20S core particle

of the proteasome and of the nestin, diminished astroglial reactivity, and reduced p53,

rabbit anti-p53 upregulated modulator of apoptosis (PUMA), and rabbit anti-B cell

lymphoma-2 interacting mediator of cell death (Bim) expressions in the hippocampus

and cerebral cortex. HBO-PC also improved T-maze performance at 7 days. Proteasome

inhibitor abolished the beneficial effects of HBO-PC on post-ischemic neuronal injury

and functional impairment and reduced the ischemic alterations in the expression of

investigated proteins.

Significance: Preconditioning with hyperbaric oxygen-induced brain protection against

severe ischemic brain insult appears to involve the proteasome, which can be linked to

a depletion of apoptotic proteins and improved regenerative potential.
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INTRODUCTION

It has been postulated that hyperbaric oxygenation can be used as a preconditioning modality to
increase the resistance of neurons to ischemia. It can be used prior to major medical procedures
that carry a risk of cerebral ischemia and, in general, when a brain injury is anticipated (1, 2).
Hyperbaric oxygen preconditioning (HBO-PC) has been shown to provide neuroprotection in
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FIGURE 3 | (A–H) NeuN immunostaining. Partial sparing of hippocampal CA1 NeuN-expressing cells with HBO-PC is seen. Scale bar = 60µm. (I,J) Numbers of

NeuN expressing cells of CA1 at 1 and 7 days post-surgery; ***p < 0.001 vs. sham; ###p < 0.001 vs. HBO-PC; n = 4. HBO-PC, preconditioning with hyperbaric

oxygen.

Both in CA1 and cerebral cortex, ischemia resulted in the
several-fold increased numbers of PUMA positive cells, as
compared to sham (Figures 8M–O). In CA1, the preconditioning
was associated with insignificant increases of PUMA positive
cells, while the addition of MG132 restored a significant increase
in the number of PUMA positive cells as compared to control
on day 1. In the cerebral cortex, preconditioning resulted in
the number of PUMA positive cells being equivalent to control,
while the addition of MG132 caused the reappearance of PUMA
positive cells in high number with respect to sham.

Nestin Expression Is Enhanced With the
HBO Preconditioning
Nestin staining showed a depletion throughout the hippocampal
sectors on post-ischemic days 1 and 7 (Figures 9B,F) as
compared to the staining in the sham group (Figures 9A,E).
However, preconditioning enhanced the expression of nestin

in the cells of the CA1 on days 1 and 7 after ischemia
(Figures 9C,G). MG132 largely reduced the elevating effect
of HBO-PC on nestin expression (Figures 9D,H). Cell count
revealed that HBO-PC increased the number of nestin positive
cells as compared to both sham and 2VO on day 1 after ischemia.
In addition, HBO-PC normalized the number of nestin positive
cells to the level found in the sham group, thus preventing nestin
depletion after untreated ischemia. MG132 administered prior
to preconditioning sessions restored numbers of nestin positive
cells to the levels equivalent to those in untreated ischemia
(Figures 9I,J).

DISCUSSION

The following are major findings of the present study: HBO
preconditioning was effective in reducing CA1 hippocampus cell
death and neurobehavioral deficits after global brain ischemia
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FIGURE 4 | (A–P) GFAP immunostaining in the CA1 and cerebral cortex. HBO-PC reduced GFAP immunoreactivity within vulnerable brain structures. In untreated

ischemia and MG132+HBO – PC+2VO groups a greater abundance of GFAP positive cells was noted, even on day 1 (arrows) as compared to sham. Scale bar =

50µm. (Q–S) Cell count analysis of GFAP positive cells corroborate differences determined with immunohistochemical observations; *p < 0.05 vs. sham; ***p <

0.001 vs. sham; #p < 0.05 vs. HBO-PC + 2VO; ###p < 0.001 vs. HBO-PC; ¶p < 0.05 vs. MG132 + HBO-PC + 2VO; n = 4. 2VO, two vessel occlusion; HBO-PC,

preconditioning with hyperbaric oxygen.

induced by bilateral common carotid artery occlusion and
profound hypotensive state. HBO preconditioning enhanced
proteasome 20S protein cellular expression and reduced the
number of cells expressing cell death proteins, such as

Bim, p53, and PUMA. In addition, the abundance of nestin
immunopositive cells was greater with the preconditioning.
After brain ischemia in the preconditioned rats, the enhanced
immunoreactivity of the proteasome was associated with a
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FIGURE 5 | (A–H) Brain expression of S20 proteasomal protein. HBO-PC resulted in a preservation of 20S immunoreactivity in the hippocampus post-ischemia.

Scale bar = 50µm (I,J) 20S-positive cell count in CA1 at 1 and 7 days; *p < 0.05 vs. sham; ***p < 0.001 vs. sham; ###p < 0.001 vs. HBO-PC+2VO; n = 4. 2VO,

two vessel occlusion; HBO-PC, preconditioning with hyperbaric oxygen.

reduced number of cells expressing apoptotic proteins in the
CA1 of the hippocampus and in the cerebral cortex. These
findings may provide insight into the mechanism behind HBO-
PC-induced neuroprotective effect against neuronal damage and
the increased resilience of cells against consequences of the
ischemic insult. A significant increase in CA1 cell survival
after HBO-PC can be substantial for regaining neurobehavioral
functions, especially considering that HBO-PC may additionally
activate delayed neurorepair mechanisms, which requires further
studies (12).

By utilizing damaged proteins, proteasomes play an important
role in the survival of neurons within the brain (13). The
expression of 20S proteasome proteins correlates well with the
activity of the entire protein-shredding proteasomal complex
(14). In response to HBO, greater expression of 20S proteasome
protein was observed in this present study. At the same
time, the proteins involved in cell death mechanisms were

suppressed as was the extent of cell death in the brain. Of those,
p53 may trigger the death of cells injured after global brain
ischemia (15). The major role in modulating p53 expression
is played by proteasomes (16). Proapoptotic protein PUMA is
a downstream target of p53 (17). PUMA is also degraded by
proteasome, hence upon proteasome dysfunction/inhibition, p53
stabilization, and PUMA-mediated cell death may occur (18).
The function of PUMA is to bind and inactivate antiapoptotic
members of the Bcl-2 family (19). The involvement of PUMA
in the delayed cell death of CA1 hippocampal zone post-
ischemia was reported previously (20). Likewise, the pro-
apoptotic protein Bcl-2-interacting mediator of cell death (Bim)
may mediate cell death upon proteasomal inhibition (21). After
global brain ischemia-reperfusion, Bim can be involved in
neuronal apoptosis (22). Bim interacts with Bax to translocate to
mitochondrial membranes prior to the cytochrome c release and
cell death (23).
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FIGURE 6 | (A–L) Bim immunostaining. HBO-PC reduced Bim immunoreactivity post-ischemia while the proteasome inhibitor exerted the opposite effect. Scale bar

= 50µm (M,N) Bim-positive cell count in the CA1; **p < 0.01 vs. sham; ***p < 0.001 vs. sham; ##p < 0.01 vs. HBO-PC + 2VO; ###p < 0.001 vs. HBO – PC +

2VO; ¶p < 0.05 vs. MG132 + HBO-PC + 2VO; n = 4; ANOVA-SNK. (O) Bim-positive cell count in the cerebral cortex; *p < 0.05 vs. sham; #p < 0.05 vs. HBO-PC +

2VO; n = 4. 2VO, two vessel occlusion; HBO-PC, preconditioning with hyperbaric oxygen.

Nestin is a marker of central nervous system progenitor
cells in subventricular zone (SVZ) and subgranular zone
(SGZ), the expression of which points toward the potential
for cell replacement in the injured brain (24). After brain
ischemia, nestin is expressed in astroglia and some neurons
whereas, for endothelial, ependymal, and progenitor cells,
the expression is seen under normal conditions (25). In
response to HBO, nestin expression is enhanced in the neonatal
brain with hypoxic-ischemic injury (26). Besides implications
for neurogenesis, such findings, have been suggested to
indicate the embryonic reversion of the mature cytoskeleton
and structural remodeling of the vasculature-associated
cells (27, 28).

Interestingly, the link between loss of p53 and facilitation
of nestin expression in cerebral tissues has been previously
suggested (29). However, the exact mechanisms of interactions
between p53 and nestin remain unclear. More importantly,
oxidative stress has been reported to enhance nestin expression in
other cell systems (30). Previously, an increased abundance of the
progenitor cell-specific protein nestin was found in the immature
brain subjected to hyperoxia at P6 (31). That nestin expression
can be promoted in response of mature neuronal cells to HBO,
which is another interesting finding of this present study.

Therapeutically optimal proteasome activation in response
to HBO may depend on the regimen of treatment. While a
prolonged exposure to hyperoxia may decrease 20S proteasome
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FIGURE 7 | (A–H) p53 immunostaining in the hippocampus. The enhanced expression of p53 in the hippocampus was observed early after untreated ischemia.

Scale bar = 60µm (I) p53-positive cell count at 1 day. ***p < 0.001 vs. sham; ###p < 0.001 vs. HBO-PC+2VO. (J) p53-positive cell count at 7 days; *p < 0.05 vs.

sham; #p < 0.05 vs. HBO-PC+2VO; n = 4. 2VO, two vessel occlusion; HBO-PC, preconditioning with hyperbaric oxygen.

activity and increase levels of apoptotic proteins (32), short
repetitive hyperbaric oxygenation might generate opposite
results, leading to a conditioning effect. It has been also shown
that modulating pressure conditions may affect proteasome
expression as hyperbaric decompression upregulates proteasome
subunit beta type-7 in the rat brain (33). Future studies
will examine whether and how HBO preferentially targets
the apoptotic protein for degradation as suggested by
this present study. The putative mechanism could involve
distinct proteasome receptors that offer docking positions for
ubiquitinated substrates, and numerous cellular ubiquitin ligases
that collectively might define different levels toward selective
protein degradation (34, 35). This way, cell death proteins
might be preferentially targeted for degradation in response
to HBO, which however requires further studies in order
to substantiate.

Since a depletion of cell death proteins occurs via
proteasome, their level can be stabilized post-ischemia due
to proteasomal impairment. Hence in non-preconditioned cells,
the accumulation of ubiquitinated cell death proteins may occur
due to proteasome insufficiency (36). This study also suggests
that blocking proteasomal activity by MG132 reversed effects of
HBO preconditioning, such as apoptotic protein depletion, cell
survival, and neurological improvement. It is rather unlikely that
MG132 merely worsens stroke outcomes, hence it would block
any therapeutic effects, not just from HBO-PC. Proteasome
inhibitors alone, such as MG132 pretreatment, have shown
beneficial effects on the stroke outcomes (37, 38). However, in
this present study, proteasome inhibitor MG132 in combination
with HBO over 5 days prior to ischemia resulted in worse brain
and behavioral outcomes compared to stroke animals treated
only with HBO. Collectively, these data appear as indicative of
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FIGURE 8 | (A–L) Brain tissue expression of PUMA. A great abundance of cells expressing PUMA was shown 7 days after ischemia especially in the cerebral cortex,

but not in the preconditioned group. Scale bar = 50µm. (M,N) CA1 PUMA immunoreactive cell count. *p < 0.05 vs. sham; ***p < 0.001 vs. sham; ##p < 0.01 vs.

HBO-PC + 2VO; ###p < 0.001 vs. HBO-PC+2VO; ¶p < 0.05 vs. MG132+HBO-PC+2VO; ¶¶p < 0.01 vs. MG132+HBO-PC+2VO; n = 4 (O) PUMA-positive cell

numbers in the cerebral cortex; *p < 0.05 vs. sham; #p < 0.05 vs. HBO-PC+2VO; n = 4. 2VO, two vessel occlusion; HBO-PC, preconditioning with hyperbaric

oxygen; PUMA, p53 upregulated modulator of apoptosis.

blocking the effects of conditioning mechanisms by MG132,
which suggests that HBO-PC indeed works via proteasome.

Noticeably though, HBO-PC did not reduce mortality and
did not ameliorate sensorimotor impairment related to global
cerebral ischemia, as it might not have a sufficient impact on
their mechanisms. Mortality and neurologic impairment can be
related to overwhelming cell loss upon this model of severe
global ischemia, and the difference in cell viability, although
statistically significant, was not great enough to alleviate these
outcomes upon a 7-day observation period. Further studies of
multiple brain regions responsible for these vital functions are
needed in this regard. On the other hand, the effect of HBO-
PC on neurologic function might emerge at later time intervals

post-global ischemia, advocated for evaluation of investigational
therapeutics (39).

We chose a subcutaneous injection of MG132 out of
several possible routes of administration. Previous studies have
shown that proteasome activity inhibition in the rodent brain
can be achieved with subcutaneously administered proteasome
inhibitors (40). Moreover, a dose of 1 mg/kg was used by earlier
authors as a middle-range effective dose of MG132 (41).

Among the limitations of our study is the use of one
proteasome inhibitor MG132, which although preferentially
targets the proteasome, may have off-target effects. Therefore,
future studies might aim to verify that the use of another
proteasome inhibitor (e.g., Lactacystin) will result in similar
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FIGURE 9 | (A–H) Nestin immunostaining in rat hippocampus. HBO-PC increases the immunoreactivity of neural stem cells marker nestin. Scale bar = 60µm. (I,J)

Numbers of nestin positive CA1 cells are significantly greater in the HBO preconditioned groups as compared to 2VO and MG132+HBO-PC+2VO groups at 1 and 7

days post-ischemia; *p < 0.05 vs. sham; **p < 0.01 vs. sham; ***p < 0.001 vs. sham; ##p < 0.01 vs. HBO-PC+2VO; ###p < 0.001 vs. HBO-PC+2VO. 2VO, two

vessel occlusion; HBO-PC, preconditioning with hyperbaric oxygen.

effects. In addition, apart from neurons and astroglia
investigated herein, future studies will also examine the
role of microglial cells that phagocytose fragmented DNA in
the CA1 pyramidal layer after forebrain ischemia and may
differentiate into anti-inflammatory M2 phenotype upon
hyperbaric oxygenation (42, 43).

CONCLUSIONS

We conclude that HBO-PC-induced brain protection against
severe ischemic brain insult appears to involve the proteasome.
Thus, previously reported pathways of preconditioning, such as
HIF-1α, may depend on and interact with ubiquitin-proteasome
system (UPS) (44). Future studies will examine in detail
the involvement of all components of the UPS pathway in
the mechanisms of HBO-PC-induced neuroprotection. It also

remains to be determined whether co-administration of HBO-PC
in combination with proteasome modulators may potentiate the
beneficial effect of HBO-PC in experimental and clinical studies
of cerebral ischemia.
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