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Abstract: Oxygen is compulsory for mitochondrial function and energy supply, but it has numerous
more nuanced roles. The different roles of oxygen in peripheral nerve regeneration range from energy
supply, inflammation, phagocytosis, and oxidative cell destruction in the context of reperfusion
injury to crucial redox signaling cascades that are necessary for effective axonal outgrowth. A
fine balance between reactive oxygen species production and antioxidant activity draws the line
between physiological and pathological nerve regeneration. There is compelling evidence that redox
signaling mediated by the Nox family of nicotinamide adenine dinucleotide phosphate (NADPH)
oxidases plays an important role in peripheral nerve regeneration. Further research is needed to better
characterize the role of Nox in physiological and pathological circumstances, but the available data
suggest that the modulation of Nox activity fosters great therapeutic potential. One of the promising
approaches to enhance nerve regeneration by modulating the redox environment is hyperbaric
oxygen therapy. In this review, we highlight the influence of various oxygenation states, i.e., hypoxia,
physoxia, and hyperoxia, on peripheral nerve repair and regeneration. We summarize the currently
available data and knowledge on the effectiveness of using hyperbaric oxygen therapy to treat nerve
injuries and discuss future directions.
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1. Introduction

Peripheral nerve injuries represent a substantial public health burden worldwide and
are often associated with lifelong disabilities. Peripheral nerve damage can occur as a
result of a variety of causes, such as trauma, infections, tumors, or autoimmune disorders.
The severity and type of injury will determine the extent of damage to the nerve and
the prognosis for recovery. The process of axonal outgrowth is complex and requires the
coordinated activity of various cell types, including neurons and their axons; Schwann
cells, which provide support and guidance for the growing nerve fibers; and macrophages,
which help clear debris and provide a permissive environment for nerve regeneration. The
process of nerve regeneration can take several weeks to several months. During this time,
various factors can influence the success of nerve regeneration, such as the age and overall
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health of the patient, the location and extent of the injury, and the availability of supportive
treatments [1].

When axonal continuity is disrupted, regeneration rates can reach 1-3 mm per day
depending on the type and location of injury, whether a piece of nerve is missing, and
whether the two ends are properly aligned. With microsurgical techniques, the outcomes of
transected nerve injuries have significantly improved, but they are still often unsatisfactory.
The longer the distance of nerve tissue that must be regenerated, the poorer the outcome,
as the regenerative capability of neurons and the growth support of glial cells decrease.
Although significant efforts have been made to find supportive therapeutic options to
enhance regeneration capacities, there is still a lack of reliable and effective methods to
improve outcomes in patients suffering from peripheral nerve injury [2].

Like all regenerative processes, extensive amounts of oxygen are needed as a source of
energy in almost all processes of nerve regeneration. Biosynthesis, intracellular transporta-
tion, and cell division, as well as cell movement, rely on adenosine triphosphate (ATP),
which is most efficiently synthesized in an oxygen-dependent manner in the mitochondria
during oxidative phosphorylation [3]. However, oxygen and its radicals are likely to also
play other key roles during nerve regeneration in both physiological and pathological
conditions. Over the past few decades, the understanding of the role of oxygen in cell phys-
iology has evolved from its long-recognized importance as an essential factor in oxidative
metabolism and its germicide role in host defense to its recognition as an important player
in cell signaling via reactive oxygen species (ROS) [4,5].

ROS are oxygen-derived small molecules that react with a wide range of factors,
including other small inorganic compounds, carbohydrates, lipids, proteins, and nucleic
acids [6]. It is generally accepted that ROS are major contributors of cellular and tissue
damage during the aging process [7] by oxidizing both DNA and membranes, which leads
to cell dysfunction and plays a role in neurodegeneration [8]. An imbalance between
the production of ROS and their neutralization by the antioxidant cell defense system
leads to oxidative stress, irreversibly damaging macromolecules. Oxidative stress has been
repeatedly associated with peripheral nerve degeneration and associated disorders [9],
and the antioxidant capabilities of Schwann cells are crucial to maintain oxidative balance
within neurons [10].

However, ROS also have beneficial roles. The concerted production of large amounts
of ROS by immune cells is of great importance for effective host defense and inflammatory
activation [11]. ROS, in low concentrations, are involved in a myriad of physiological cell
signaling pathways, referred to as redox signaling pathways [6]. Sies at al. suggested
the term “oxidative eustress’ (in opposition to oxidative stress) to describe the physiolog-
ical ROS levels at a nanomolar range [12]. Of particular importance for redox signaling,
ROS are produced by the Nox family of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidases. The Nox family consists of membrane-bound complexes that trans-
port electrons across biological membranes to reduce oxygen to ROS [6], mediating redox
signaling through the direct reversible oxidation of proteins on cysteine or methionine
residues [13,14]. The specific ROS that are produced; their amount, half-life, and diffusion
distance; as well as the intracellular localization, dictate their biological outcomes [15].
There is increasing evidence that Nox-mediated ROS are crucial for regenerative pro-
cesses, including skin wound repair [16-18]. It has been shown that Nox-derived ROS
influence wound healing in zebrafish, including fin and skin innervation [19], neurite
outgrowth in hippocampal neurons and cell lines [20], as well as whole-body regeneration
in planarians [21].

The role of Nox-mediated ROS in peripheral nerve regeneration has been little ex-
plored, but recent data suggest that redox signaling plays a crucial role in key regenerative
processes [22,23]. The anatomy of peripheral neurons with their long axonal and dendritic
processes require compartmentalized signaling and the transportation of molecules and
organelles across long distances, including during axonal development and regeneration
after injury [24,25]. ROS are ideally suited to meet these signaling requirements, especially
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when considering that injury is followed by an inflammatory response surrounding the
axon, thus increasing the local level of oxidants. However, the role of redox signaling and
Nox in peripheral nerve regeneration is an emerging field of research, and the data on this
topic are limited.

In this review, we discuss the influence of the oxygenation state, i.e., hypoxia, physoxia,
and hyperoxia, and the repercussions of its relative changes on nerve regeneration, with a
special focus on redox signaling. Here, we define physoxia as ‘normal” oxygen levels, we
define hypoxia as oxygen levels beneath the physiological oxygenation levels, representing
an acute decrease in oxygen supply, and we define hyperoxia as an externally enhanced
oxygen supply that can be achieved through hyperbaric oxygen therapy (HBOT). It is
important to highlight that physiological oxygenation levels vary between tissues and that
the oxygenation of peripheral nerve tissue is likely to vary depending on its location in
the body. We are not aware of any study that has measured the physiological oxygenation
levels specifically in peripheral nerves, but it is reported that the physiological oxygenation
levels in normal tissues are maintained at 3-7% [26].

2. Role of Oxygen in Normal Nerve Function

Oxygen is critical for normal peripheral nerve function. Nerve cells require oxygen to
generate energy in their mitochondria, which is essential for nerve impulse transmission
and other cellular processes. Without adequate oxygen, nerve cells may not be able to
produce enough ATP to support normal function. The extreme polarity of neuronal cells
requires an effective mitochondrial transport system to allow for adequate energy supply
all the way to the distal nerve ends [27]. Neurons, including peripheral neurons, contain
high amounts of mitochondria and are high energy consumers [28]. In fact, mitochondria
make up half of the cytoplasmic volume of neurons, and it has been reported that peripheral
neurons under normal physiologic conditions require up to 4.7 billion ATP molecules per
second in order to keep up their membrane potential over their large surface area [29].
In addition, oxygen is important for maintaining the health and function of the myelin
sheath that surrounds nerve fibers. Schwann cells require oxygen to produce the lipids
and proteins that constitute the myelin sheath. Of note, it has been suggested, based on
molecular dynamics simulations, that stacked membranes have increased oxygen storage
capacities, suggesting that myelin sheaths function as oxygen reservoirs [30].

Besides the role of oxygen as an energy supplier, an important physiological function
of oxygen is derived from the production of ROS. Cellular Nox expression and the role of
Nox-mediated redox signaling in the peripheral nervous system remain less understood
as opposed to the better characterized central nervous system [31]. Several Nox isoforms
are expressed at multiple peripheral nervous system sites [32,33]. Isoforms Nox1, Nox2,
and Nox4 are expressed in dorsal root ganglion neurons [33-35], and rodent primary
cultures of dorsal root ganglion neurons were shown to express Nox accessory proteins,
such as p22phox and p47phox [36]. Puntambekar et al. showed that stimulating dorsal
root ganglion cells with nerve growth factor (NGF) increases the expression of the Nox
subunits Racl and gp91phox. They found that Racl was necessary for effective stimulation
by NGF of the transient receptor potential channel TRPV1, which is essential in pain and
heat sensation and aids in the maintenance of peripheral neuron integrity [37]. Indeed,
Nox expression in the peripheral nervous system seems to be maintained at low basal
levels under physiological conditions and upregulated during nerve regeneration after
injury [23,31]. Nox-mediated redox levels are likely to be involved in both anti- and
proapoptotic signaling cascades depending on the concentration of ROS produced. For
instance, Nox-mediated ROS may mediate early apoptotic signaling in neuronal cell death
in the central nervous system [38]. Of note, it has been shown that the NGF-deprivation-
induced apoptosis of sympathetic neurons is Nox-dependent [39].

Of note, redox switches of Nrf2 and nuclear factor kB (NFkB), as well as sensory
neuron ion transient receptor potential channels, have been reported to play roles in
peripheral nerve function [23,40—42]. Gamper et al. conducted a review summarizing the
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redox-mediated regulation of ion channels in sensory neurons, highlighting the highly
complicated interplay of redox signaling and ion channel excitability, including M channels,
ATP-sensitive K* channels, and many more [42].

It is conceivable that ROS play important roles in proper cell function in peripheral
nerve tissue, but most available studies have focused on the negative impact of high
concentrations of ROS, i.e., oxidative stress. Nerve-related disorders are associated with
oxidative stress, as already demonstrated for diabetes-related and chemotherapy-induced
peripheral neuropathies [43,44].

A fine balance between oxidative stress and antioxidants is necessary for effective
cell function, particularly nerve function. When oxidant concentrations are too high,
irreversible cellular damage occurs [45]. Intracellular oxidative stress is balanced by an-
tioxidant enzymes and nonenzymatic scavengers. Nonenzymatic scavengers are of dietary
origins, such as «-tocopherol (vitamin E), 3-carotene, and ascorbate (vitamin C). In the
peripheral nervous system, the main antioxidant enzymes are glutathione peroxidase (GPx),
superoxide dismutase (SOD), and catalase, and the gene expression of these antioxidant
enzymes is tightly regulated by the redox-sensitive transcription factor erythroid 2-related
factor 2 (Nrf2) [10,46,47]. Besides its well-established effect on neurons by promoting
their proliferation and survival when binding to its main target receptor tyrosine kinase A,
NGEF has also been associated with neuroprotective effects against oxidative stress. In fact,
NGEF protects against oxidative stress by increasing the expression of heme oxygenase-1
(HO-1), an enzyme that is responsible for the breakdown of heme, in a phosphatidylinositol
3-kinase-dependent manner [48]. In line with these findings, Dai et al. found that the
systemic administration of NGF provided protection against colistin-induced peripheral
neurotoxicity via the activation of the Akt and Nrf2/HO-1 pathways and the inhibition of
oxidative stress [49].

Schwann cells are likely to play a prominent role in the antioxidant defense mecha-
nisms of neurons as they express high levels of antioxidants. In an in vitro model of mild
oxidative stress induced by adding H,O, to dorsal root ganglion, Schwann cells expressed
much higher levels of antioxidants than neurons [10].

As oxidative stress has been identified as a disease-inducing mechanism in neu-
ropathies, antioxidant therapies have been suggested as potential solutions. However,
they have largely failed to prove their effectiveness in clinical trials [50,51]. The lack of
effectiveness of indiscriminate antioxidant therapy may be due to the fact that physiologic
and pathologic ROS sources are affected simultaneously. The current research now focuses
on specifically targeting disease-related ROS sources [52].

3. Role of Oxygen and Its Radicals in Nerve Regeneration after Injury under
Physiological (Physoxic) Conditions

Nerve regeneration involves a complex series of events, including the growth of
new axons, the formation of new myelin sheaths, and the re-establishment of functional
connections between nerve cells. Traumatic tissue damage is inherently associated with
local ischemia as vessels are disrupted at the injury site. This local ischemia triggers hypoxic
signaling cascades, inducing neoangiogenesis and inflammation, which are essential for
effective regeneration. After tissue damage and throughout the physiological regenerative
process, the local oxygen levels progressively increase as neoangiogenesis occurs and
energy demands rise.

Other than being the main source of ATP, which is crucial for the whole regenerative
process, the mitochondria play other primordial roles during peripheral nerve regenera-
tion [53]. They are crucial for maintaining membrane potentials and for calcium and iron
homeostasis [54,55]. The effective transport of mitochondria toward the injury site of the
axon is needed for growth cone formation [56]. In fact, the depletion of the mitochondria-
anchoring protein syntaphilin (SNPH), which is mainly present in mature neurons, led to
accelerated axonal regrowth in a sciatic nerve crush model [57]. Mitochondrial dysfunction
is associated with increased oxidative stress and causes a variety of neuropathies and im-
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paired nerve regeneration. Mitochondrial dysfunction can be caused by genetic disorders,

toxins, metabolic disorders, age, chronic inflammation, or nutritional deficiencies [58].
We describe the role of oxygen and its radicals in nerve regeneration after traumatic

injury under physiologic conditions where systemic and regional oxygenation are normal.

3.1. Distal Axon Degeneration and Schwann Cell Function

Following an insult leading to axon discontinuity, macrophages and Schwann cells be-
come activated and start removing myelin debris and producing chemokines, inflammatory
cytokines, proteolytic enzymes, and growth factors needed for axonal regeneration [59].
In this initial phase, injured axons experience an inflammation-dependent and extremely
oxidative environment, mostly due to macrophage-derived Nox2 activity that contributes
to growth cone collapse and retraction, known as Wallerian degeneration, which occurs
via the ROS-dependent oxidation of actin [60,61]. Schwann cells lose their characteristic of
myelinating axons and shift into the state of developmental promyelinating cells. These
recharacterized Schwann cells then align in what is known as ‘bands of Biingner’ and guide
newly regrowing axons to their destination [59].

The interaction between neuronal cells and adjacent cell populations, namely Schwann
cells and macrophages, is primordial for effectively guided axonal outgrowth. Recent data
point towards Schwann cells and Schwann cell-axon crosstalk having substantial roles
in axon viability and function, including controlling redox levels in neuronal mature tis-
sues [62-64], energy substrate transfer from Schwann cells to axons during periods of high
energy demand, and ROS scavenging by Schwann cells [10,65]. Redox signaling is likely to
also play a role in Schwann cells’ shift in phenotype during Wallerian degeneration and
the formation of Biingner bands, but specific data on this topic are scarce. Injury-induced
dysmyelination processes in peripheral nerves appear to be Nox4-dependent, as indicated
by a decreased degradation of peripheral myelin proteins and by ameliorated structural
changes in the injured sciatic nerve in Nox4-deficient mice [66]. Of particular interest is
the role of Schwann cells as the ‘guardians’ of the redox environment during peripheral
nerve repair. Lv et al. showed that Nrf2, which acts as a master regulator of antioxidant cell
defense, is downregulated after peripheral nerve damage, leading to increased oxidative
stress. They found that deleting Nrf2 led to more effective dysmyelination but an impaired
myelination and the redifferentiation of Schwann cells [47]. These results suggest that a
temporary inactivation of the antioxidant system of Schwann cells takes place after nerve
injury, giving rise to an oxidizing environment promoting Wallerian degeneration.

In a zebrafish time-lapse imaging model of epithelial reinnervation during wound re-
pair, Cadiz Diaz et al. demonstrated that p22phox, a subunit required for Nox1-4 activation,
promotes Wallerian degeneration and axonal fusion. They also show that cutaneous axon
regeneration following injury relies on keratinocyte and neuron-specific H,O; signaling.
DUOX1-derived HyO; leads to the redox activation of epidermal growth factor receptor
(EGFR) in keratinocytes and promotes axonal outgrowth in the epidermis, indicating that
EGFR oxidation by NADPH oxidase is critical for epidermal reinnervation. Hence, the
authors were able to show that Nox-mediated H,O, is implicated in both the de- and
regeneration of sensory peripheral nerves after skin injury (Figure 1) [67].

3.2. ROS and Redox Signaling during Inflammation

The central role of ROS production during inflammation is well established. The
isoform Nox2 plays a predominant role in early macrophage function and is responsible for
producing large amounts of O,* and H,O, in what is called the respiratory burst [11,68].
Inside phagosomes, high concentrations of ROS create an oxidative environment for phago-
cytosed debris, leading to lipid peroxidation and the oxidation of amino acids [69]. Mu-
tations leading to a defective phagocyte Nox2 system lead to chronic granulomatous
disease, which is characterized by impaired wound repair and an increased susceptibility
to infection [70,71].
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Figure 1. Zebrafish time-lapse imaging model of epithelial reinnervation after skin injury shows Nox
medjiation in skin de- and regeneration. It is shown that H,O; leads to EGFR oxidation and MMP-13
activation, mediating axon growth within the epidermis. In fact, the keratinocyte-specific oxidation
of EGFR serves as an attractive cue for regenerating sensory peripheral axons in the dermis. Loss of
the neuron-intrinsic Nox1-4 subunit p22Phox slows Wallerian degeneration and promotes axonal
fusion, showing a dual role of Nox-controlled H,O, in skin de- and reinnervation. Reprinted from
Cadiz Diaz et al. [67].

Apart from their role in immune defense, ROS are central signaling molecules modu-
lating the inflammatory response. Nox-mediated redox modifications of signaling proteins
are likely mechanisms by which redox signaling plays a role in peripheral nerve regenera-
tion. ROS oxidize specific cysteine residues and induce structural and functional changes
in various proteins, including kinases, phosphatases, ion channels, and transcription fac-
tors [72]. Depending on their concentrations and via NF«B signaling cascades, ROS can
either induce a pro-inflammatory control loop that promotes debris removal or an anti-
inflammatory control loop that inhibits an exacerbated harmful inflammatory response [73].
Other compelling examples for the role of ROS in the regulation of inflammation are that
low concentrations induce neutrophil chemotaxis [74], and the overexpression of the an-
tioxidant thioredoxin suppresses leukocyte recruitment [75]. Furthermore, ROS modulate
the expression of leukocyte-endothelial adhesion molecules [76] and induce the spread of
macrophages via extracellular signal-regulated kinases [77]. In addition, monocytes are
activated when they adhere to the extracellular matrix (ECM) by their specific integrin
receptors. This adhesion can be induced by ROS in vitro [78].

Tumor necrosis factor alpha (TNF-«) and interleukin-6 (IL-6) induce neutrophil and
macrophage migration and facilitate phagocytosis, and their biosynthesis has been shown
to be ROS-inducible [79]. IL-6 is an important regulator in pro-inflammatory signaling
in Schwann cells during peripheral nerve regeneration [80]. In the central nervous sys-
tem, it has been reported that the expression of Nox4 in human microglia leads to IL-6
expression [81] and that the interplay between antioxidant systems and Nox2-mediated
redox signaling is responsible for microglia activation [82]. Indeed, phagocytes (the main
source of Nox2-derived ROS) could be recruited through Nox4-dependent IL-6 expres-
sion, similar to what has been shown in human microglia and non-small-cell lung can-
cer cells [81,83]. Schwann cells express Nox1 and Nox4 and probably no (or very lit-
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tle) Nox2 [23,32,84]. Extracellular Nox4-mediated ROS expression could lead to Nox2-
expressing macrophage recruitment to the perineurial space [32]. In our laboratory, we
found that a Nox4 deficiency leads to a decreased expression of Nox2 during cutaneous
wound repair, implying that Nox4 has a role in phagocytic cell recruitment [85]. Indeed, a
feed-forward loop leading to oxidative stress in the peripheral nervous system has been
suggested between Schwann cell Nox1/Nox4 expression and macrophage Nox2 expression
(Figure 2) [23].

macrophages
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Figure 2. Schematic view of suggested key redox signaling processes in nerve regeneration. In-
flammation during Wallerian degeneration is associated with an extremely oxidative environment
induced by macrophages and Schwann cells. Large amounts of Nox2 are produced by invading
macrophages. In addition, endothelium-derived exosomes contain Nox4 and produce ROS. Nerve
growth factor induces neurite outgrowth in a ROS-dependent manner. Nox2 localizes in growth
cones modulating neurite outgrowth by oxidizing the actin cytoskeleton and changing its polymer-
ization state, while Nox1 seems to have a suppressive effect on neurite outgrowth. Nox2-containing
exosomes released by macrophages are internalized by neuronal cells and transported to the cell body,
causing oxidation-induced inactivation of PTEN, which enables activation of PI3K-p-Akt signaling
and leads to axonal outgrowth and elongation.

Of note, this Nox4-dependent recruitment of NOX2-expressing phagocytes has also
been reported to be implicated in the pathophysiology of diabetic peripheral neuropathy;,
which is associated with a pathological redox environment. Eid at al. showed that Nox4
inhibition decreases ROS production in Schwann cells and peripheral nerves and reverses
the diabetes-induced alteration of peripheral nerve myelinization in a diabetic mouse
model [84].

3.3. Retrograde Injury Signaling and Axonal Regeneration

Before transcriptional changes can occur in the injured neuron, a retrograde injury
signal must be sent to the nucleus [1]. Traditionally, oxidative stress has been seen as
neurotoxic, and ROS have been associated with neurite degeneration and the induction of
cell death in the central nervous system [9]. However, there is a growing consensus that
ROS can also play important beneficial roles in neuroregeneration. For instance, prolifer-
ative neural stem cells have high endogenous ROS levels that regulate self-renewal and
neurogenesis in a PI3K-p-Akt-dependent manner [86]. Peripheral neurite outgrowth has
been reported to be ROS-dependent in sensory neurons in a mouse sciatic nerve regenera-
tive model [22]. Of note, the same authors demonstrate that macrophage-derived active
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Nox2 complexes are secreted via exosomes, incorporated into the endosomes of dorsal root
ganglia, and are required for neurite outgrowth. These macrophage-derived, internalized
Nox2-carrying exosomes are retrogradely transported into the cell body through the axonal
transport system and have been visualized at 20 mm from the lesion site at 6 h after injury.
Once it arrives at the cell body, Nox2 causes the oxidation-induced inactivation of PTEN,
which enables the activation of PI3K-p-Akt signaling and leads to dorsal root ganglion
axonal outgrowth and regenerative reprogramming after nerve injury [22]. In line with
these results, De Virgiliis et al. demonstrated that the in vivo activation of neuronal Nox2
promotes axonal regeneration and the partial restoration of sensory nerve function after
spinal cord injury [87].

There is convincing evidence that physiological Nox-derived ROS levels are required
for growth cone formation. However, different Nox isoforms may have opposing effects
on neurite outgrowth, and further research is needed to better characterize the role of
Nox-mediated redox signaling during the development of growth cones [23,88]. NGF
induces neurite outgrowth in cultured neurons in a HyO,-dependent manner [89]. Of
note, increased Nox activity is required for Racl-mediated neurite outgrowth in PC12 cell
culture, which is further accelerated by the exogenous addition of HyO, [90]. Ibi et al.
found that PC12 cells express Nox1 at rates that are 10 times higher than Nox2 and do
not express Nox4. When stimulated with NGE, PC12 cells’ expressions of Nox1 and Nox2
mRNA levels are increased. Nox1 level increases were associated with increased levels of
intracellular O,°. However, cells depleted of Nox1 via a stable expression of ribozymes
targeted for Nox1 mRNA showed significantly enhanced axonal outgrowth, suggesting
that Nox1 negatively regulates neurite outgrowth [91]. Munnamalai et al. found that Nox2
protein is localized in growth cones and suggested that it may modulate neurite outgrowth
by oxidizing the actin cytoskeleton and changing its polymerization state [92].

Effective axonal regeneration requires functioning Schwann cell-axon crosstalk [63,93].
Schwann cells are known to provide energy substrate transfer to axons during periods
of high energy demand, but they are also able of acting as ROS scavengers, reducing
oxidative stress in the axon [10,65]. The concept that Nox are transferred between cells via
exosomes has gained increasing interest recently [94-97], and data suggest that exosomes
are metabolically active and generate ROS. For instance, studies report that endothelium-
derived exosomes contain Nox4 and produce Nox-dependent ROS [94,98,99]. Indeed, it is
conceivable that redox signaling via Nox-containing exosomes between Schwann cells and
axons plays a role in nerve regeneration (Figure 1) [23].

Inflammation during Wallerian degeneration is associated with an extremely oxida-
tive environment induced by macrophages and Schwann cells. Large amounts of Nox2
are produced by invading macrophages. In addition, endothelium-derived exosomes
contain Nox4 and produce ROS. Nerve growth factor induces neurite outgrowth in an
ROS-dependent manner. Nox2 localizes in growth cones, modulating neurite outgrowth by
oxidizing the actin cytoskeleton and changing its polymerization state, while Nox1 seems
to have a suppressive effect on neurite outgrowth. Nox2-containing exosomes released by
macrophages are internalized by neuronal cells and transported to the cell body, causing
the oxidation-induced inactivation of PTEN, which enables the activation of PI3K-p-Akt
signaling and leads to axonal outgrowth and elongation.

4. Repercussions of Ischemia/Hypoxia on Nerve Regeneration and Redox Signaling

Traumatic nerve injury leads to the disruption of the blood supply, resulting in a
decrease in the oxygen supply in the nerve and surrounding tissue. Ischemia plays an
important role in tissue regeneration in general and also in nerve regeneration. The initial
appearance of local acute ischemia leads to signaling cascades, promoting neovasculariza-
tion, inflammation, and cell proliferation [100]. The induction of hypoxia-inducible factor
lx (HIF1x) by deleting or pharmacologically inhibiting prolyl hydroxylase domain pro-
teins, mimicking systemic hypoxia, enhances axonal regeneration and functional recovery
following peripheral nerve injury [101]. In line with these findings, a positive effect of
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repeated brief ischemia in sciatic nerve transection injury has been found in a rat model and
attributed to increased levels of vascular endothelial growth factor (VEGF) and Schwann
cell proliferation in the ischemic environment [102] (Table 1).

Kim et al. reported that Nox-derived ROS play important roles in VEGF-mediated
angiogenesis. They suggested that H,O, released by Nox4 leads to the enhancement of
VEGEF receptor 2 (VEGFR2) signaling via Nox2 activation in a Nox4/Nox2 /pSer36-p66Shc
feed-forward loop, providing yet another compelling example of the interplay between
Nox4 and Nox2 [103].

4.1. Prolonged Ischemia

Depending on the severity of the injury and the speed of blood flow restoration,
prolonged ischemia might occur. Prolonged ischemia has several negative effects on the
regenerative process, including energy deprivation and inflammatory processes. Nerve
tissue is known to be particularly sensitive to prolonged ischemia and oxygen and nutrient
depletion, leading to conduction failure and, eventually, fiber degeneration [104,105]. In
a rat model of severe sciatic ischemia, it has been shown that 1 and 3 h of ischemia lead
to conduction failure, with a recovery of less than 10% after reperfusion following 3 h of
ischemia [104].

The degree of nerve damage and the onset of conduction failure depend on the specific
nerve involved, the presence of collateral blood supply, and the underlying health of the
individual. For instance, diabetes leads to morphological vulnerability and ischemia and
reperfusion in a model of sciatic-tibial nerve conduction. In fact, diabetic nerves showed
a delayed recovery of ischemic conduction failure after brief ischemia compared to con-
trols [106]. In line with these findings, we found in a model of severe limb ischemia in
rats that hypoglycemia increases the susceptibility to ischemic limb necrosis [107]. Interest-
ingly, it has been suggested that age has a protective role in nerve resistance to ischemic
conduction failure as it has been shown that rat peripheral nerves are progressively more
resistant to ischemic—-anoxic conduction failure with increasing age. The nerve lactate
response to anoxia is higher in young rats than in older animals, and it has been suggested
that a progressive decline in energy requirements with age is the mechanism behind this
resistance to ischemic conduction failure in older individuals [108].

Of note, it has been reported that mitochondrial Nox4 in renal cells can act as an
energetic sensor whose activity is directly regulated by ATP [109]. In fact, Nox4 could
play an important role in cell survival during critical ischemia as it mediates autophagy in
response to energy stress. It has been shown in cardiomyocytes that Nox4 stimulates the
protein kinase RN A-activated-like ER kinase signaling pathway in response to energy stress-
inducing autophagy [110]. Schwann cell autophagy plays an important role during nerve
regeneration as it is a critical step in Wallerian degeneration and is required for effective
Schwann cell reorganization [111]. With oxygen being their principal substrate, all members
of the Nox family are strictly oxygen-dependent, and oxygen is the rate-limiting factor in
Nox2-mediated ROS production during the respiratory burst of wound repair [112,113]. It
is therefore plausible that ischemia has major repercussions on Nox activity.

4.2. Effects of Ischemia-Reperfusion after Injury

It is well established that when reperfusion occurs after prolonged ischemia, oxidative
stress in endothelial cells leads to endoneurial edema, further aggravating fiber degenera-
tion [114,115]. A severe inflammatory response then takes place, typically confined to a
few days after reperfusion [116,117]. The molecular and cellular mechanisms of the unique
injury response that results when ischemic tissues are reperfused has been the subject
of intensive research [118-120]. In the early 1980s, ROS were first suggested as potential
mediators of reperfusion injury [121], and Nox have been found to have central roles as
mediators of reperfusion injury for a variety of tissues [121]. It has been hypothesized
that Nox enzymes contribute to reperfusion injury, largely based on the fact that an in-
creased expression and/or activity of Nox in post-ischemic tissue has been observed in
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a variety of tissues including the intestine, lung, heart, eye, brain, stomach, liver, kidney,
and testes [122-128]. The pharmacological inhibition of Nox activity or the genetic inhibi-
tion/deletion of Nox activity / protein leads to an attenuation of reperfusion-induced injury
response and /or reduced ROS production [121,125,129-133]. Of note, the inhibition and
deletion of Nox have emerged as neuroprotective effects after ischemia-reperfusion in brain
tissue as less intercellular adhesion molecule-1 upregulation and less neutrophil infiltra-
tion were found in Nox2-deficient mice and mice treated with the antioxidant apocynin
following reperfusion [129].

In a model of myocardial ischemia-reperfusion injury, 30 min of ischemia followed
by 24 h of reperfusion resulted in a significant decrease in the size of myocardial infarct in
Nox1-, Nox2-, and Nox1/Nox2-deficient mice, but not in Nox4-deficient mice. Interestingly,
no protection was observed in a model of chronic ischemia, strengthening the notion that
Nox1- and Nox2-mediated oxidative damage occur during reperfusion [134]. In a study on
reperfusion injury in rat brains, the findings suggested that Nox2 may not contribute to the
early burst of reperfusion-related ROS generation, but is rather an important source of ROS
generation during prolonged reperfusion [135]. These data from other organs suggest that
Nox have a major role in reperfusion injury in peripheral nerves. However, specific data
are still largely lacking.

Table 1. Repercussions of ischemia/hypoxia on nerve regeneration and redox signaling.

Oxygenation State Observed Phenomenon Reported Nox-Related Mechanism Reference
Neoangiogenesis, inflammation,
cell proliferation. Nox4/Nox2/pSer36-p66Shc
Acute ischemia Repeated brief ischemia stimulates nerve  feed-forward loop leading to [100-103]
regeneration and increases levels of VEGFR?2 activation.
VEGF and Schwann cell proliferation.
NOX4 acts as an energy sensor,
. inducing autophagy and cell survival
Ens;gy t?eg lfetillo r;, necrosi via the protein kinase [104,105,110]
) - chemi CONAUCLION fAItUre, NECrosts. RNA-activated-like ER kinase
Prolonged ischemia signaling pathway.
. . - ROS overexpression in diabetic
Dlabete.zs increases susc.eptlblhty to . nerves is well established, and [106,107,136]
ischemic conduction failure and necrosis. i
specific ROS sources are unknown.
Excessive oxidative stress established [114,115,134,135]

Ischemia-reperfusion

Endoneuronal edema, fiber degeneration.

as main pathomechanism.

Increased expression/activity of
Nox1 and Nox2, but not Nox4 in
myocardial reperfusion.

[122-128,134]

Neuroprotective effect of inhibition of

. e [121,125,129-133]
Nox in reperfusion injury.

5. Effects of Hyperbaric Oxygen on Peripheral Nerve Regeneration

Considering the above-mentioned crucial oxygen-dependent mechanisms needed for
effective nerve regeneration, it is conceivable that increasing blood oxygen concentration
levels has major repercussions on neuroregeneration. In traumatic injuries where blood
flow can be improved surgically, it should be carried out in a timely fashion to limit ischemic
damage, as the nerve tissue is particularly vulnerable. However, nerve injury is inherently
associated with some degree of local reduction in blood flow and remains inaccessible
to surgical repair. Hence, the only way to increase the locally available oxygen supply is
to increase the oxygen concentration in the remaining bloodstream, potentially leading
to a more effective diffusion of oxygen to the injury site. Hemoglobin-bound oxygen
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availability is already at near-saturation levels under normal conditions and therefore
cannot be significantly enhanced.

Various therapy options have been suggested to increase the tissue oxygen supply,
including topical oxygen therapy (TOT), where tissues are directly exposed to 100% oxygen.
The efficacy of TOT remains controversial as oxygen penetration at the air-liquid interface
is very limited, although there is some evidence that TOT is effective in promoting skin
wound regeneration [137]. Contrary to skin ulcers, the target tissue in peripheral nerve
injuries lies deep in the body, and TOT is therefore unlikely to improve peripheral nerve
regeneration. An effective tool to increase tissue oxygenation levels in deeper-lying tissues
is HBOT, as it allows for an increase in freely dissolved oxygen in the bloodstream, thereby
increasing systemic oxygen availability. The treatment involves placing a patient in a sealed
chamber and elevating its pressure several-fold above the ambient air pressure while the
patient breathes 100% oxygen. It has been repeatedly reported to have a pro-regenerative
effect in a variety of tissues, but the exact mechanisms of action are still poorly understood,
thus resulting in inconsistent treatment protocols and vague indications [138-140]. There is
some evidence that HBOT has a beneficial effect on nerve regeneration, but it has not yet
gained widespread acceptance in the treatment of nerve trauma patients [141].

Data on the effects of HBOT on Nox-derived redox signaling during peripheral nerve
regeneration are largely lacking, and available findings may vary depending on the specific
experimental conditions, animal models, and types of injuries studied. As described above,
the roles of oxygen, its radicals, and, more specifically, Nox-mediated redox signaling in
peripheral nerve regeneration are complex as they are involved in both beneficial and
detrimental processes.

We suggest that HBOT influences the redox environment in the context of peripheral
nerve regeneration in the following ways (Table 2):

1. Itinduces the antioxidant response;

2. It limits detrimental Nox-mediated ROS production during reperfusion-injury and
the modulation of the inflammatory response;

3. Itinduces relative hypoxia-inducing neoangiogenesis;

4. Ithas a pro-regenerative effect through redox-mediated growth factor activation.

5.1. Induction of Antioxidants by HBOT

One of the most compelling hypotheses of the mechanism behind the beneficial effect
of HBOT on reperfusion injury is the protective effect of the treatment through an antiox-
idant response that hyperbaric oxygen itself produces via the induction of antioxidants.
This has been described as the ‘hyperbaric oxygen paradox’ in reperfusion injury [139].
Oxidative stress was found to be caused by preconditioning with hyperbaric oxygen and
hyperoxia-induced tolerance against spinal cord ischemia in rabbits [142] by the upregula-
tion of antioxidant enzymes [143] and was found to promote the production of glutathione,
the principal non-enzymatic body defense against ROS [144]. Similar to these findings,
HBOT promoted the production of enzymatic antioxidants, such as glutathione peroxidase
and catalase, in a model of necrotizing pancreatitis [145]. A recent study investigating the
neuroprotective effects of HBOT on neuronal death induced by sciatic nerve transection in
arat model revealed that the malondialdehyde (a product of lipid peroxidation) levels were
significantly decreased in the HBOT group, while the antioxidant activities of superoxide
dismutase and catalase were significantly increased [146]. Based on these findings, the
authors concluded that both pre- and post-HBOT have neuroprotective effects against sci-
atic nerve transection-induced degeneration. Other examples of the protective antioxidant
effects of HBOT are the increase in the production of IL-10, the inhibition of inducible and
neuronal nitric oxide synthase, and the upregulation of key antioxidant and anti-apoptotic
factors, such as BCL-2, heme oxygenase-1, and heat-shock proteins 70 and 72 [147-152]. In
a rat subarachnoid hemorrhage model, HBOT decreased Nox2 expression and activity and
the level of oxidative stress at 24 h after hemorrhage, thereby reducing neuronal injury and
improving functional performance [153].
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As mentioned previously, NGF is associated with neuroprotective effects against
oxidative stress as it increases the expression of HO-1 [48]. In a model of traumatic
brain injury, HBOT promoted the expression of neurotrophic factors such as NGF, brain-
derived neurotrophic factor (BDNF), glial cell line-derived neurotrophic factor (GDNF),
and neurotrophin-3 (NT-3) in vivo [154]. Hence, it is conceivable that HBOT confers a
neuroprotective effect through the induction of neurotrophic factors, such as NGF, which,
in turn, induces antioxidative mechanisms.

5.2. HBOT, Reperfusion Injury, and Excessive Inflammation

The evidence in favor of an antioxidant effect of HBOT makes a case for its use
in preconditioning tissues to better resist ischemia and subsequent reperfusion injury.
Although this is not an option in traumatic injury, the rapid introduction of the treatment
after injury is still likely to reduce oxidative stress during reperfusion.

HBOT has been reported to have a beneficial effect on reperfusion injury, which
may seem counterintuitive as the additional availability of oxygen supposedly increases
oxidative stress at the injury site. HBOT may mitigate reperfusion injury through several
mechanisms [139]. If HBOT is applied in a timely fashion, the additional oxygen is thought
to maintain the viability of the marginal tissue, thus reducing cell death induced by the
ischemia itself [155]. In a model of a tourniquet rat hind limb, HBOT was shown to preserve
higher ATP levels, diminish the loss of the antioxidant glutathione after reperfusion, and
decrease post-reperfusion edema [144]. Early HBOT may also suppress the progression of
apoptosis, as seen in a model of traumatic spinal cord injury in a rat [152].

Another possible mechanism through which HBOT might counter the deleterious
effects of reperfusion is by altering an excessive inflammatory response following reper-
fusion, as the therapy has been reported to have immunomodulatory effects in a variety
of pro-inflammatory settings [139]. In an intestinal ischemia-reperfusion model, HBOT
significantly reduced neutrophil recruitment and activation [156]. Similarly, it was found
that HBOT reduces reperfusion injury in an in vitro endothelial cell model via the inhibi-
tion of ICAM-1 expression and integrin 32, possibly through the induction of endothelial
nitric oxide synthase [157-159]. Numerous pro-inflammatory factors are decreased by
HBOT, including nuclear transcription factor kB, IL-1f3, IL-6, IL-8, TNF«, interferon vy, and
platelet-activating factor [160-171].

5.3. Relative Hypoxia after HBOT and Angiogenic Effect

Another explanation of how HBOT might exercise its effect is by inducing relative
hypoxia directly after the treatment. The transitory increase in oxygenation, followed
by the normoxia (i.e., sensed as a relative hypoxia by cells) at the end of the treatment,
could have a supportive effect on peripheral nerve regeneration. Indeed, repeated brief
ischemia in a rat model of experimental sciatic nerve transection injury had a beneficial
role in peripheral nerve regeneration [102]. Of particular relevance for this concept is a
recent study reporting that acute intermittent hypoxia (11% O in breathing air of rats)
improved the regeneration of surgically repaired peripheral nerves, namely enhancing
myelination, increasing the numbers of newly myelinated fibers, and accelerating the return
of toe spread function 5-10 weeks post-repair [172]. This concept was substantiated by the
fact that numerous studies have found an increase in pro-angiogenic, hypoxia-inducible
signals, such as HIF1x and VEGF, in other regenerative processes like cutaneous wound
repair following HBOT [173]. In our laboratory, we found that HBOT led to a significantly
accelerated reperfusion of ischemic cutaneous wounds in rats [140].

5.4. Pro-Regenerative Effects of HBOT

HBOT is likely to exert a beneficial effect on peripheral nerve regeneration by promot-
ing pro-regenerative signaling cascades. Data specifically investigating the effect of HBOT
on growth factor release during peripheral nerve regeneration are scarce, but the results
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from other fields of tissue regeneration advocate a pro-regenerative effect of HBOT on the
growth factor landscape.

In a model of transient central nervous system ischemia, HBOT significantly reduced
neurological injury in the ischemic injured cortex and decreased the levels of Nogo-A
and reticulon 4 receptor, the latter being a key player in axonal growth inhibition [174].
Yang et al. demonstrated that HBOT treatment significantly reduced the level of the
ischemia-induced downregulation of the important neurotrophic factor NT-3 mRNA and
significantly increased cell survival after reperfusion in a model of forebrain ischemia [175].
In a traumatic murine brain model, HBOT significantly reduced the expression of apoptosis-
promoting genes, such as c-fos, c-jun, and Bax, and weakened the activation of Caspase-3
in rat models [154]. A study on the effect of HBOT on erectile function recovery in a rat
cavernous nerve injury model found that improved erective function was associated with
higher NGF expression levels [176].

Table 2. Suggested effects on the redox environment of HBOT in peripheral nerve regeneration.

Mechanism of Action Reported Redox-Related Effects References
Decrease in overall Nox activity and levels of oxidative stress [153]
Higher glutathione peroxidase production [144,145]
Increased activity of superoxide dismutase and catalase and decreased [146]
lipid peroxidation levels

Antioxidant induction
Upregulation of IL-10, BCL-2, heme oxygenase-1, and heat-shock

; [147-152]

proteins 70 and 72
Inhibition of inducible and neuronal nitric oxide synthase [147-152]
NGF-mediated protection against oxidative stress via HO-1 [48,49,154]
Reducing cell death during ischemia [155]

Ischemia-reperfusion injury

Reduced post-perfusion edema, higher post-perfusion glutathione level — [144]

Reduced neutrophil recruitment and activation [156]

Reduced reperfusion injury via inhibition of ICAM-1 expression

and modulation of inflammation and integrin B2 [157-159]
Inhibition of pro-inflammatory factors, including nuclear
transcription factor B, IL-1, IL-6, IL-8, TNF-«, interferon vy, [160-171]
and platelet-activating factor

. . Increases in HIF-1, VEGFA, SDF-1, VEGFR2, and CXCR4 [173]

Relative hypoxia,

induction of neoangenenesis Nox4/Nox2/pSer36-p66Shc feed-forward loop, providing yet another [94]
compelling example of the interplay
Decreased Nogo-A and reticulon receptors [174]
Increased neurotrophin-3 [175]

Pro-regenerative effects Decrease in apoptosis-promoting genes c-fos, c-jun, Ba, and Caspase-3 [154]
Higher NGF expression [176]
Higher expression of neurotrophic factors NGF, BDNF, GDNF, and NF-3  [154]

5.5. Evidence of the Efficacy of HBOT in Improving Functional Outcome in Peripheral
Nerve Injury

More than 20 years ago, in a sciatic nerve crush model in rabbits, Bradshaw et al. found
that the morphological analysis of nerve specimens in the HBOT group at week 7 after
injury resembled normal uncrushed nerves, with nerve fibers being uniformly distributed
throughout the section, and myelination was similar to normal nerves, while untreated
nerves showed edema and contained disarrayed nerve fibers [177]. Similarly, Haapaniemi
etal. concluded that HBOT stimulates axonal outgrowth in a nerve crush model in rats [178].
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In an axonal outgrowth graft model, outgrowth was significantly longer in animals that
were treated with HBOT [179].

However, there are also some studies that did not find a significant functional benefit of
HBOT regarding peripheral nerve regeneration. For instance, one study found that HBOT
was not effective in the restoration of gait or muscular strength after 90 days in nerve-
injured rats included in a crush injury model and a nerve transection and repair model [180].
In another rat sciatic crush injury model, a functional evaluation using a walking track
analysis showed that HBOT did not have an effect on functional recovery [181]. In an
acellular nerve and fresh cellular graft model evaluating Schwann cell migration and the
invasion of macrophages 10 days after grafting, HBOT was not demonstrated to have an
effect on the regeneration process in acellular nerve grafts. In contrast, the effect of HBOT
on fresh cellular nerve grafts showed a significant improvement in axonal outgrowth and
Schwann cell migration from the proximal nerve end [182].

A study using a model of sciatic nerve transection followed by microsurgical repair
in rats showed mixed results. There was a statistical significance in conduction velocities
and amplitude, and the foot/ankle angle showed a better response in the HBOT group
compared to the untreated controls. Interestingly, the untreated group had higher numbers
of axons and vessels at week 7, whereas there was no significant difference at week 14.
Although there were more axons and myelin, the untreated animals seemed to be less
functional than in the HBOT group, and the authors concluded that HBOT could improve
functional recovery in this model [183]. In a model of guided neural regeneration with
autologous fat grafting in a polyethylene tube associated with HBOT, the authors showed
positive results on the morphometric and functional parameters of HBOT using Catwalk
XT® software (www.noldus.com) [184]. In transected, devascularized sciatic nerves follow-
ing microsurgical repair, HBOT improved nerve function in a walking track analysis [185].
These mixed results highlight that there is still a lack of understanding as to what type
of nerve injury benefits most from HBOT and that the effects might vary significantly de-
pending on the experimental model. A recent review by Brenna et al. including 51 studies
found that 88% of the studies reported HBOT to have a positive effect on peripheral nerve
regeneration and/or resulted in a faster recovery time [186].

5.6. Conclusions and Clinical Relevance

The roles of oxygen in nerve regeneration range from energy supply, inflammation,
and phagocytosis and crucial redox signaling cascades to oxidative cell destruction in the
context of reperfusion injury. A fine balance between ROS production and antioxidant
activity draws the line between physiological and pathological nerve regeneration. Some
of the most compelling evidence on the key role of Nox-mediated redox signaling in
nerve regeneration has been reported in recent years. This includes the internalization
of macrophage-derived Nox2-containing exosomes into injured axons and its retrograde
transportation into the cell nucleus where it induces regenerative outgrowth [22], which is
a crucial role of Nox1/4 in Wallerian degeneration and of DUOX1 in axonal regeneration in
cutaneous nerve injury [67]. This is a growing field, and the currently available data suggest
that redox-modulating therapies have great therapeutic potential in the management of
peripheral nerve lesions.

Thus, it is conceivable that increasing tissue oxygenation has a positive impact on
peripheral nerve regeneration. One possibility to modulate the redox environment in
injured nerves in clinics is hyperbaric oxygen. However, our current understanding of
the mechanisms of action of HBOT in improving nerve regeneration remains limited.
There is compelling evidence that HBOT beneficially modulates the redox environment,
mainly from studies in tissues other than peripheral nerves. This includes the induc-
tion of antioxidants, the limitation of detrimental Nox-mediated ROS production during
reperfusion-injury and the modulation of the inflammatory response, and the induction of
relative hypoxia-inducing neoangiogenesis, as well as a pro-regenerative effect through
redox-mediated growth factor activation.
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HBOT seems to have a beneficial effect on functional recovery after peripheral nerve
injury, but the results are mixed, suggesting that the treatment is efficient depending on the
type of nerve defect and the experimental setup. More studies are required to confirm its
efficacy and to better understand its mechanisms of action so as to better define indications
and treatment protocols. Furthermore, the implication of Nox-mediated redox signaling in
the key processes of peripheral nerve regeneration suggests that specific Nox-modulating
drugs could influence regeneration capacities.
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