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Abstract

Recovery after an ischemic stroke depends not only on neuronal survival but also on in-
flammatory mechanisms that determine secondary injury and reparative plasticity. This
review summarizes the evidence on hypoxic conditioning, permissive hypercapnia, and
their combined application as modulators of neuroinflammation and neurorehabilitation.
This review does not aim to describe the fundamental mechanisms of neuroinflammation,
but rather to examine how hypoxia, hypercapnia, and their interaction provide potential
targets for its modulation. Prolonged or severe hypoxia exacerbates neuroinflammation
through NF-kB activation, NLRP3 inflammasome signaling, pro-inflammatory cytokine
production, and microglial activation. In contrast, controlled intermittent hypoxia in pre-
/postconditioning protocols suppresses inflammatory processes, promotes reparative mi-
croglial phenotypes, activates PI3K/Akt-dependent survival pathways, and modulates the
fractalkine/CX3CR1 axis. Permissive hypercapnia also has context-dependent immuno-
modulatory properties: moderate exposure may reduce NF-kB-driven inflammation, oxi-
dative damage, apoptosis, and blood-brain barrier disruption, whereas prolonged hyper-
capnia, especially with hypoxemia, may enhance inflammasome activation and microglial
reactivity. Therefore, combined intermittent hypercapnic hypoxia may act as a therapeu-
tic stimulus integrating anti-inflammatory, cytoprotective, barrier-stabilizing, and neuro-
plastic mechanisms. Clinical evidence regarding ischemic stroke and cerebral palsy is en-
couraging but limited. Future studies should determine optimal gas exposure protocols,
precisely define the mechanisms underlying the anti-inflammatory effects, and establish
whether pharmacological potentiation using modulators of the NLRP3, PI3K/Akt,
BDNF/TrkB, and JNK signaling pathways is feasible.
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1. Introduction

The search for effective neurorehabilitation approaches for ischemic stroke is one of
the most urgent tasks in clinical and experimental neuroscience. Hypoxic breathing train-
ing is a promising strategy for treating neurological diseases, including ischemic stroke
[1]. Several experimental studies have demonstrated the effectiveness of intermittent hy-
poxic exposure as a therapeutic tool for various pathologies of the nervous system, in-
cluding perinatal CNS and ischemic brain injuries [2—4]. At the same time, over the past
decade, an increasing number of studies have focused on the therapeutic efficacy of per-
missive hypercapnia, showing that inhalation of carbon dioxide at a safe concentration
has a protective effect on the brain under ischemic/hypoxic injury conditions [5,6].

One promising approach is exposure to hypercapnic hypoxia, a combination of nor-
mobaric hypoxia and permissive hypercapnia [7]. Experimental data indicate that com-
bined exposure to hypoxia and hypercapnia produces a more pronounced neuroprotec-
tive effect than when they are applied separately [8,9]. Hypercapnic hypoxia has demon-
strated high efficacy as a means of stimulating reparative and adaptive processes during
neurorehabilitation after an ischemic stroke [10]. Thus, regular sessions of hypercapnic
hypoxia during the recovery period after a stroke have been shown to accelerate regener-
ative processes, improve motor function, and reduce signs of neurological deficit both un-
der experimental in vivo conditions in rats [8] and in clinical settings in patients 24-72 h
after an ischemic stroke [10].

Against this backdrop, there is growing interest in studying the neurorehabilitation
potential of hypercapnic hypoxia as an independent therapeutic intervention aimed at
modulating adaptive and metabolic processes after an ischemic injury. A range of mech-
anisms underlying the neuroprotective efficacy of combined hypercapnia and hypoxia
exposure preceding experimental ischemic injury have been studied [11]. Some signaling
systems are associated with the predominant influence of the hypoxic stimulus, including
HIF-1a and A1 receptors, while others, including NF-«B, antioxidant activity, inhibition
of apoptosis, and maintenance of selective blood-brain barrier permeability, are mainly
modulated by hypercapnia [11]. Most molecular and cellular mechanisms involved in the
development of cerebral ischemic tolerance —including ATP-dependent potassium chan-
nels, chaperones, endoplasmic reticulum stress, and reprogramming of mitochondrial
metabolism —are determined by the contribution of both excess carbon dioxide and oxy-
gen deficiency [11].

However, the roles of inflammation-modulating signaling pathways in the mecha-
nisms of neuroprotection and neuroplasticity after exposure to hypercapnic hypoxia re-
main insufficiently studied. At the same time, inflammation plays one of the leading roles
in the pathogenesis of many neurological disorders, including ischemic injuries [12,13].

The aim of this review is not to describe the mechanisms of neuroinflammation per
se, but rather to examine the potential points of modulation of neuroinflammation by hy-
poxia, hypercapnia, and their combined action. Potential synergistic mechanisms of neu-
roprotective efficacy that arise when these factors are combined, as well as the prospects
for the development of new strategies for pharmacological modulation of the inflamma-
tory process, are also considered.

To more precisely distinguish the contributions of individual respiratory stimuli, this
review first examines the effects of hypoxia and permissive hypercapnia under isolated
exposure conditions. Then, it analyzes their combined action under hypercapnic hypoxia.
This sequential presentation allows for the separate evaluation of oxygen-dependent,
CO»-dependent, and potentially synergistic components of the response. This distinction
is particularly important when analyzing neuroinflammation because the net biological
effect is determined by gas concentrations, exposure duration, acid-base status, tissue
context, and the nature of the primary injury.
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2. Materials and Methods

A systematic search of the relevant literature published from 1 January 2000 to 30
April 2026, was conducted. Four authors independently performed the search for scien-
tific publications in the PubMed and Google Scholar databases using the following que-
ries: (“hypoxic preconditioning” OR “hypoxia preconditioning” OR “hypoxic postcondi-
tioning” OR “hypoxia postconditioning” OR “hypoxia”) AND (neuroinflammation OR
neuroinflammatory response OR brain inflammation OR microglial activation) and (“hy-
percapnic preconditioning” OR “hypoxia-hypercapnia preconditioning” OR “hypercap-
nic postconditioning” OR “hypoxia-hypercapnia postconditioning” OR “hypercapnia”)
AND (neuroinflammation OR neuroinflammatory response OR brain inflammation). Af-
ter independent screening, all potentially relevant articles were discussed collegially, and
the authors jointly decided to include data from each cited work.

3. Effect of Hypoxic Conditioning on the Mechanism
of Neuroinflammation

Hypoxia is one of the major factors contributing to cell and tissue damage in a wide
range of pathologies, including ischemic stroke, chronic coronary syndrome, and obstruc-
tive sleep apnea [14-16]. At the same time, the severity and duration of hypoxia determine
the balance between its protective, conditioning, and damaging effects [15]. Prolonged
hypoxia and critically low oxygen levels—observed, for example, in models of obstructive
sleep apnea—may lead to tissue damage and an increase in signs of neuroinflammation
even after exposure for a moderate duration. Thus, intermittent hypoxia (5% Oz) was
found to aggravate intracerebral hemorrhage and increase the secretion of IL-1f3, IL-6,
TNEF-a, and NF-xB in the hippocampus in an animal model of obstructive sleep apnea
[16]. Additionally, intermittent hypoxia induced by 8 h inhalation of a gas mixture con-
taining 10% Oz led to impaired performance in cognitive tests and increased expression
of the pro-inflammatory molecules IL-1(3, TNF-a, and NF-kB [17]. Chronic hypoxia at an
Oz level of 1% induced microglial activation and increased the expression of the enzymes
iNOS and COX-2 [18]. Similar findings have also been obtained in other studies [19-21].
Thus, prolonged or severe hypoxia leads to an intensification of neuroinflammatory pro-
cesses.

A number of studies have shown evidence of a possible anti-inflammatory response
to hypoxia when it is used as a pre- or postconditioning stimulus. For example, after mod-
eling transient global cerebral ischemia, Lu et al. [22] showed that hypoxic precondition-
ing through inhalation of a gas mixture containing 8% O for 30 min induces changes that
directly affect neuroinflammation [22]. Thus, hypoxic preconditioning reduced the level
of phosphorylated NF-kB and prevented its translocation to the nucleus while concur-
rently increasing the level of IxB, which inhibits this process through phosphorylation
followed by ubiquitination and proteolysis [23]. This resulted in a decrease in the level of
the NLRP3 inflammasome. NF-«B is well known as one of the most important regulators
of inflammation. It ensures the expression of a wide range of pro-inflammatory molecules
and cytokines [24]. In addition, NF-«B is one of the factors contributing to the develop-
ment of neuroinflammation in ischemia/reperfusion brain injuries [24].

The effect of hypoxic preconditioning in a middle-cerebral-artery occlusion model
(MCAo) on NLRP3 inflammasome formation was also confirmed in another study, where
hypoxic preconditioning was induced by temporarily stopping the flow of air into an an-
imal chamber [25]. These results suggest that hypoxic preconditioning may reduce pyrop-
totic activity after ischemia. In addition, hypoxic exposure was associated with reduced
levels of MLKL, which is involved in NF-kB activation and the development of necropto-
sis [22]. It has also been shown that hypoxic preconditioning reduces IL-1R1 expression,

https://doi.org/10.3390/ijms27125579



Int. ]. Mol. Sci. 2026, 27, 5579

4 of 27

leading to decreased MLKL expression and reduced translocation of MLKL to the mem-
brane, in turn potentially preventing cell death resulting from necroptosis [26].

It can be hypothesized that the anti-inflammatory effect of hypoxia may be partially
mediated by reduced activity of NF-kB and NLRP3 through activation of IxB, MLKL, and
IL-1R1—key regulators of inflammation and necroptosis [22-26].

In contemporary studies, two conventional phenotypes of activated microglia are of-
ten distinguished: M1, which is pro-inflammatory, and M2, which is reparative/anti-in-
flammatory [27,28]. Nevertheless, it is worth noting that experts in the fields of neuroim-
munology and microglial research are increasingly discussing the limitations of this di-
chotomy. Existing M1 and M2 phenotype markers can be co-expressed on a single cell,
making data interpretation challenging. In accordance with a consensus published by a
panel of experts several years ago, we do not use this terminology in the present review
[29]. In the study by Huang L. et al. [30], hypoxic preconditioning increased the expression
of the microglial markers Argl, Ym1/2, IGF-1, and CD206 and reduced the expression of
the markers CD16, CCL3, and iNOS despite an overall increase in the number of activated
microglia. The authors also observed an increase in the levels of the anti-inflammatory
cytokines IL-10 and TGF-{ and a decrease in the levels of pro-inflammatory cytokines [30].
In another study using in vivo and in vitro models, hypoxic preconditioning was accom-
panied by reduced expression of COX-2 and iNOS as well as decreased levels of IL-13 and
TNF-a [31]. A similar hypoxic preconditioning protocol, involving exposure to 7.8% O:
for 3 h, reduced microglial activation and decreased the expression of the inflammatory
cytokines and markers TNF-a, CD11b, CD86, and IL-13 while also reducing the expres-
sion of anti-inflammatory markers and mediators such as CD206 and TGF-$ [32]. In a
study conducted on a mouse model of Alzheimer’s disease, intermittent hypoxia with
14.4% Oz for 4 h over 14-28 days reduced the levels of the pro-inflammatory cytokines IL-
1B and IL-6, while it had no effect on TNF-a levels [32]. In addition, the same study
showed an overall decrease in activated microglia, suggesting reduced tissue damage as-
sociated with the accumulation of amyloid  and other markers of Alzheimer’s disease
[33].

One mechanism that may underlie the reduction in microglial activation is the effect
on the fractalkine (FKN)/CX3CR1 axis [34]. The chemokine FKN and its receptor CX3CR1
play an important role in neuron-microglia interactions and regulate microglial activa-
tion, neuronal survival, and synaptic plasticity [35]. The FKN/CX3CR1 axis remains insuf-
ficiently studied; however, it is already known to be involved in synaptic plasticity, in-
cluding plasticity mediated by microglia [35,36]. At the same time, hypoxic postcondition-
ing has been shown to increase FKN and CX3CR1 levels in neurons, which may lead to
activation of neuronal Akt signaling and prevention of cell death [34,37]. Meanwhile, hy-
poxic postconditioning reduces CX3CR1 expression in microglial cells [34]. Thus, hypoxic
exposure under different protocols may exert multidirectional effects on the
FKN/CX3CR1 axis in neurons and microglia, increasing neuronal survival while reducing
microglial activation and neuroinflammation [34].

Thus, hypoxic exposure under different regimens can exert bidirectional effects on
the FKN/CX3CR1 axis in neurons and microglia, enhancing neuronal survival while re-
ducing microglial activation and neuroinflammation [34]. This finding may underlie the
alterations in microglial properties described previously [30-33].

The potential role of astrocytes in neuroinflammation and neuroprotection during
hypoxic conditioning deserves mention. In one classic study, researchers noted the role of
astrocytes in elevating extracellular adenosine and erythropoietin levels under hypoxic
conditioning, potentially exerting neuroprotective effects, whereas increased extracellular
glutamate and VEGEF levels may promote neuronal damage. The net impact of astrocytes
on pathological processes in the CNS depends on the balance of these factors [38]. In a
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study conducted on cortical spheroids, hypoxic preconditioning led to astrocyte activa-
tion and reduced microglial activation. These effects were accompanied by decreased
mRNA expression of Clga and TNF-a. Such changes may be related to complex astro-
cyte—microglia interactions, which, under certain conditions, can reduce the severity of
neuroinflammation [39]. In the aforementioned study [30], hypoxic preconditioning was
observed to reduce the activation of both microglia and astrocytes. Potential differences
in outcomes may be related to the different models used across studies. Hypoxic precon-
ditioning promotes the expression of several protective factors in astrocytes, such as PGC-
la and UCP2 [Hypoxia preconditioning improves structure and function of astrocytes
mitochondria via PGC-1a/HIF signal | Journal of Biosciences | Springer Nature Link]. At
the same time, HIF-1a, which plays an important role under hypoxic conditions, promotes
the secretion of IL-1 and pro-inflammatory chemokines (MCP-1 and MCP-5), as we will
discuss later in the context of the role of HIF-1a in neuroinflammation [40]. In conclusion,
the role of astrocytes in neuroinflammation and CNS injury under conditions of hypoxia
and hypoxic conditioning depends on the gas exposure regimen and the balance between
the pro-inflammatory properties of astrocytes—mediated in part by HIF-la—and the
anti-inflammatory properties that develop under preconditioning.

The PI3K/Akt signaling pathway plays an important role in ischemia/reperfusion in-
jury [41]. PI3K activation occurs through interaction with receptors possessing tyrosine
kinase activity and leads to Akt activation, followed by involvement of mTOR- and MYC-
associated signaling components that support cell-cycle progression and protein synthesis
[42,43]. HIF-1a accumulation also occurs, leading to activation of the expression of genes
responsible for anaerobic glycolysis, angiogenesis, and erythropoiesis [44]. Phosphoryla-
tion of FOXO3a prevents its translocation into the nucleus and subsequent apoptosis [41].
Phosphorylation of GSK-33 by Akt also prevents apoptosis [45]. In the study by Yin et al.
[44], hypoxic preconditioning, consisting of 3 h in an atmosphere containing 8% O, re-
stored the level of phosphorylated Akt and its substrate, phosphorylated GSK-3, in neu-
rons and microglia in an MCAo model. This led to a significant reduction in levels of pro-
inflammatory markers, including NF-kB (p65), COX-2, CD68, myeloperoxidase, micro-
glial activation, and neutrophil infiltration. In addition, proteomic analysis demonstrated
suppression of nine pro-inflammatory cytokines induced by ischemic injury, including
IL-1av, IL-6, IL-10, TNF-a, and MCP-1 [46]. A PI3K/Akt inhibitor blocked the restoration
of phosphorylated Akt and the inactivation of GSK-3(3; increased the expression of NF-
kB, COX-2, and CD68; and partially abolished the neuroprotective effect by increasing the
volume of brain injury [46]. In studies by Zhan L. et al., hypoxic preconditioning also ac-
tivated the PI3K/Akt pathway [37,47].

Another potential mechanism underlying the anti-inflammatory and neuroprotec-
tive effects of hypoxia is the formation of exosomes after hypoxic exposure [48-50]. Exo-
somes can be released by cells under hypoxic conditions [51], e.g., from microglia exposed
to oxygen—glucose deprivation (OGD), a widely accepted in vitro model of hypoxia/ische-
mia. Exosomes obtained from this cell culture promoted a decrease in TNF-a, iNOS, and
IL-1p levels and an increase in IL-10 and CD206 levels [51]. When preconditioned exo-
somes were administered to animals after MCAo, a similar pattern was observed in the
peri-infarct area, accompanied by corresponding changes in the cytokine and marker pro-
files [51]. Such exosomes may contain TGF-31, which activates the TGF-[3/Smad2/3 signal-
ing pathway, thereby reducing the pro-inflammatory activity of microglia, as well as the
molecules miR-124, miR-135a-5p, and miR-137 [52-54].

The development of hypoxia leads to activation of a number of molecules whose role
is to adapt an organism to current and future hypoxic exposure. HIF proteins constitute
one of the key groups of molecules responsible for adaptation to hypoxia. One of the most
extensively studied HIF proteins is the transcription factor HIF-1a, which is hydroxylated
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by prolyl hydroxylase under sufficient oxygen availability conditions [55,56]. Under hy-
poxic conditions, HIF-1a accumulates, translocates into the nucleus, dimerizes with the 3
subunit, binds to the coactivators CREB and p300, and interacts with the hypoxia-respon-
sive element, resulting in activation of the transcription of a wide range of genes involved
in adaptation to hypoxia [55-57]. The effects of HIF-1« that support adaptation to hypoxia,
including during preconditioning, include the expression of VEGF, erythropoietin, glyco-
lytic enzymes, and glucose transporters such as GLUT-1 and GLUT-3 and other effects
[2,15]. Increased HIF-1« levels predominantly promote the development of inflammation
in astrocytes through the expression of IL-1p3 and pro-inflammatory chemokines, includ-
ing MCP-1 and MCP-5 [58]. HIF also increases TLR-4 expression on the microglial cell
membrane, thereby promoting microglial activation and activation of NF-kB [40]. The
NLRP3 inflammasome, which plays a role in inflammation and pyroptosis, is also acti-
vated by HIF-1a [59]. At the same time, ischemic preconditioning mediated by HIF-1a’s
effects was found to decrease the levels of the pro-inflammatory cytokines TNF-a, IL-183,
and IL-6 [60]. An HIF-1a inhibitor blocked these changes; however, these findings should
only be extrapolated to the effects of ischemic/hypoxic preconditioning with caution since
they were obtained in a model of remote preconditioning. The anti-inflammatory proper-
ties of HIF-1at may also be mediated through erythropoietin, which prevents activation of
the NLRP3, NLRC4, and AIM2 inflammasomes in microglia [61]. Administration of eryth-
ropoietin before and after ischemia was found to reduce microglial activation and im-
prove behavioral outcomes in animals [62].

Based on the foregoing information, one can conclude that HIF-1a exhibits predom-
inantly pro-inflammatory properties in the CNS. This conclusion is supported by data de-
rived from studies of astrocytes and microglia, as well as from investigations into the role
of TLR-4 and NF-«B in their function, together with evidence on peripheral levels of pro-
inflammatory cytokines [58-62]. Thus, hypoxia plays a dual role in the mechanisms of
nervous tissue injury: prolonged, severe, or repeated hypoxia with critically low oxygen
levels enhances neuroinflammation, promotes microglial and astrocyte activation, and ac-
tivates NF-kB, the NLRP3 inflammasome, and pro-inflammatory cytokines, thereby ag-
gravating the outcomes of ischemic and hypoxic brain injury. At the same time, intermit-
tent and controlled short-term hypoxia used in pre- and postconditioning protocols ex-
hibits pronounced neuroprotective and anti-inflammatory properties: it suppresses NEF-
kB and NLRP3 activation, modulates microglial and astrocyte activation, activates the
protective PI3K/Akt pathway, and modulates the fractalkine/CX3CR1 axis. However, the
role of HIF-1a in the development of neuroinflammation is not entirely unambiguous and
may involve a predominance of pro-inflammatory properties. Thus, it is the nature, inten-
sity, duration, and protocol of hypoxic exposure that determine whether hypoxia acts as
a damaging factor or a mechanism of adaptive protection.

Synthesis of data on the effects of hypoxic pre- and postconditioning on inflamma-
tory signaling molecules and pathways convincingly demonstrates that these interven-
tions modulate the inflammatory process toward its suppression. This effect is achieved
through the simultaneous inhibition of key pro-inflammatory cascades, including NF-«kB,
the NLRP3 inflammasome, and the production of pro-inflammatory cytokines, together
with the enhancement of several anti-inflammatory and protective mechanisms, including
IL-10 and IkB. Such complex immunomodulation is likely to represent one of the funda-
mental mechanisms underlying the neuroprotective action of hypoxic conditioning in is-
chemic brain injury. Summarized information on the effects of hypoxic conditioning on
inflammatory signaling pathways is presented in Table 1.
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Table 1. Molecular effects of hypoxic conditioning on inflammatory signaling pathways.

Molecule Description

Role in In- During Pre-
flammation /Postcondi-

Changes
Reference

tioning

HIF-1a is a hypoxia-activated factor. It ensures adaptation of tissue to
HIF-1a  hypoxia through angiogenesis, metabolic changes, and erythropoietin
production. It is mainly considered a pro-inflammatory molecule.

T 1 [58-60]

IL-1pB plays a role in the binding and activation of IL-1R1, leading to
the activation of NF-kB and MAPK and increased synthesis and secre-
tion of other pro-inflammatory molecules, such as IL-8, IL-6, C-C motif

chemokines, TNF-a, NO, and MMPs.

IL-1B

) l [31,51]

IL-1R1 is a receptor for IL-1f3 and a transmembrane glycoprotein. It
L-1R1 contains three immunoglobulin-like domains in the extracellular seg-
ment as well as transmembrane and cytoplasmic domains. It regulates

NF-«B and MAPK.

1 l [26]

This molecule binds to IL-6R and gp130, leading to cell proliferation or

IL-6 .
apoptosis.

1 ! [44,46,60]

TNFa is a cytokine that interacts with TNFR1 and TNFR2, leading to
TNFa the activation of intracellular pathways such as NF-«kB and MAPK,
which regulate proliferation, apoptosis, and intercellular interactions.

[31-
33,46,51]

NF-«B is a group of intracellular signaling molecules involved in the
canonical signaling pathway associated with the development of in-
NF-kB  flammation and immune responses. It is also involved in the non-ca-
nonical NF-«B activation pathway, which regulates lymphocyte func-
tion.

T l [22,46]

This molecule is a component of the inflammasome, which activates

LRP
NLRP3 IL-1 and IL-18 through caspase-1.

1 ! [22,25]

MLKL is a pseudokinase lacking phosphorylation activity. It forms
MLKL pores that increase cell membrane permeability, leading to necroptosis.
It also affects other intracellular pathways, such as NF-«B.

T l [22,26]

COX-2 is an isoform of COX that converts arachidonic acid into prosta-
COX-2 glandins. It may be involved in the pathogenesis of neurodegenerative
diseases.

T ! [31,46]

iNOS is an isoform of NOS that converts arginine into citrulline and

INOS NO. It may play a role in the development of CNS pathology.

1 ! [30,31,51]

This molecule is a ligand of the CX3CR1 receptor and a chemokine. It
regulates cell adhesion, chemotaxis, and inflammation. In the nervous
system, it also affects neuroplasticity and neuronal survival.

FKN
(CX3CL1)

1 neurons,

| microglia [34,37]

Tl

CD11b is an integrin located on the surfaces of macrophages and gran-
CD11b  ulocytes, where it mediates cell adhesion, migration, and phagocyto-
sis.

1 l [32]

CD86 provides co-stimulation during the interaction between antigen-

D
D86 presenting cells and T lymphocytes.

) l [32]

This molecule is a pattern-recognition receptor that binds to mannose

CD206
residues and mediates phagocytosis and endocytosis in macrophages.

T ! [30,32,51]

TGF-B TGE-f3 is a growth factor that regulates inflammation, tissue repair, an-
giogenesis, and fibroblast function.

Tl Tl [30,32]

IL-10 is an anti-inflammatory cytokine that reduces NF-«B activity and
IL-10 regulates the activity of the JAK-STAT pathway. It decreases the ex-
pression of Th1 molecules and macrophage-costimulatory molecules.

1 1 [30]
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This molecule prevents phosphorylation of the NF-kB dimer and its
IxB translocation into the nucleus, thereby preventing the transcription of ! i) [22]
pro-inflammatory cytokines.

Note for Table 1: Arrows indicate an increase (1) or decrease (|) in inflammatory activity under the

influence of the molecules listed in the table.

4. Permissive Hypercapnia Serves as a Modulator of the Inflammatory
Response: Protective Mechanisms and Effects

Permissive hypercapnia is a typical component of lung-protective ventilation strate-
gies, in which an increase in PaCO: is allowed in order to reduce ventilator-induced in-
jury. In this context, its biological effects are not limited to the respiratory system, since
hypercapnia can alter cellular signaling, inflammatory responses, and reparative pro-
cesses in various tissues [63—65]. Publications from recent years indicate that hypercapnia
should be considered a context-dependent immunomodulatory factor in inflammation ra-
ther than a universally beneficial intervention since its effects substantially depend on car-
bon dioxide concentration, concomitant acidosis, exposure duration, the nature of the in-
jury, and the presence of an infectious component [64,65]. The most convincing evidence
supporting the anti-inflammatory effects of hypercapnia has been obtained in models of
acute sterile lung injury, endotoxemia, and ventilator-induced injury, where elevated CO:
was accompanied by attenuation of the NF-kB-dependent pro-inflammatory program, re-
duced neutrophil infiltration, and decreased severity of tissue damage [63,66,67].

One of the earliest and most reproducible mechanisms of the anti-inflammatory ac-
tion of hypercapnic acidosis is its effect on the endothelial response to lipopolysaccharide.
In cultured pulmonary endothelial cells, hypercapnic acidosis was found to suppress LPS-
induced NF-«B activation, which was associated with reduced degradation of IxkBa and
attenuation of pro-inflammatory gene transcription [66]. Against this backdrop, the ex-
pression of ICAM-1 and IL-8 decreased, and neutrophil adhesion to activated endothe-
lium was also reduced, indicating that hypercapnia affects the early vascular-inflamma-
tory phase of injury [66]. These findings are of fundamental importance for interpreting
the biological effects of CO, as they show that hypercapnia can interfere not only with
cytokine production but also with cellular recruitment, which determines the subsequent
intensity of inflammatory tissue infiltration [63,66].

The protective effect of hypercapnic acidosis has also been confirmed at the organ
level in models of endotoxin-induced lung injury [67]. In animal experiments, hypercap-
nic acidosis reduced the severity of acute endotoxin-induced lung injury both when ap-
plied prophylactically and therapeutically, decreasing the morphological severity of in-
jury, impairment of gas exchange, and accumulation of reactive nitrogen-containing prod-
ucts in lung tissue and epithelial lining fluid [67]. A separate study showed that hyper-
capnic acidosis rapidly reduces oxidative reactions in an acutely injured lung in vivo, with
this effect developing within minutes and not depending on peroxynitrite formation,
thereby expanding our understanding of cytoprotective mechanisms under elevated CO:
conditions [68]. Taken together, these results allow hypercapnia to be considered a factor
capable of limiting secondary tissue injury caused by excessive pro-inflammatory and ox-
idative activation, at least under conditions of acute sterile lung inflammation [63,67,68].

Studies on macrophages have made a substantial contribution to our understanding
of the immunomodulatory action of hypercapnia since it was in these cells that the selec-
tivity of pro-inflammatory program suppression was demonstrated [69,70]. In differenti-
ated THP-1 macrophages, as well as in human and mouse alveolar macrophages, elevated
CO: levels suppressed LPS-induced production of TNF-a and IL-6, cytokines closely as-
sociated with the NF-kB-dependent innate immune response [69]. At the same time, hy-
percapnia did not suppress IL-10 or IFN-{, indicating that not all immune signaling
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pathways are completely switched off and supporting the concept of selective remodeling
of the inflammatory response [69]. Critically, in this model, suppression of IL-6 was rapid,
reversible, and independent of extracellular and intracellular acidosis; therefore, some im-
mune effects of hypercapnia should be directly linked to CO2-dependent signaling rather
than solely to a shift in pH [69,70].

This line of research was further developed in studies devoted to the stress response
and the role of HSF1. It was shown that hypercapnia induced the accumulation and nu-
clear translocation of HSF1 in alveolar macrophages, while suppression of Hsfl elimi-
nated the hypercapnia-dependent reduction in IL-6 and TNF-a production in response to
lipopolysaccharide administration, indicating this factor is involved in the reprogram-
ming of inflammatory transcription [71]. In a mouse model of pneumonia caused by P.
aeruginosa, the same mechanism was accompanied by reduced levels of IL-6, TNF-a, and
IL-1B under hypercapnic conditions in animals with preserved HSF1-dependent regula-
tion, confirming the contribution of the stress-induced transcriptional program to the im-
mune effects of COz in vivo [71]. Thus, the molecular profile of the anti-inflammatory ac-
tion of hypercapnia includes both classical nodes of NF-kB-dependent signaling and a
broader stress response capable of altering the threshold and intensity of production of
innate pro-inflammatory mediators [65,71].

In a similar macrophage model, elevated CO:z levels reduced the phagocytosis of op-
sonized particles and killed bacteria, thereby affecting effector mechanisms of innate im-
munity that are critically important for the anti-infective response [67]. At the whole-or-
ganism level, this was confirmed in a model of pneumonia caused by P. aeruginosa, where
hypercapnia impaired neutrophil function and was accompanied by increased mortality,
despite the absence of more pronounced histological inflammation in lung tissue. These
results directly demonstrate a divergence between the degree of inflammatory activation
and the host’s ability to mount antibacterial defense [72]. Thus, hypercapnia is appropri-
ately characterized in contemporary reviews as a bidirectional modifier of innate immun-
ity. On the one hand, it produces an anti-inflammatory effect and provides protection
against injury under sterile conditions; on the other hand, hypercapnia may be an unfa-
vorable factor in the presence of infection [64,65].

Considering these data, permissive hypercapnia should be described as a factor that,
under conditions of acute sterile injury, can attenuate the NF-kB-dependent pro-inflam-
matory program, reducing ICAM-1 and IL-8 expression, decreasing TNF-a and IL-6 pro-
duction, and limiting oxidative damage. However, during infection and in the reparative
phase, the same mechanisms may become a source of functional losses for tissues and for
the organism as a whole [66,69,72,73]. This duality is particularly important for the subse-
quent discussion of the effects of hypercapnia in the context of the nervous system, where
direct evidence is more limited and extrapolation of findings from pulmonary endothe-
lium and alveolar macrophages to microglia and the neurovascular unit requires separate
analysis [65,74].

With regard to the nervous system, the question of the anti-inflammatory potential
of permissive hypercapnia remains substantially less developed relative to the lungs, en-
dothelium, and alveolar macrophages since the main body of evidence concerning the
central nervous system relates to cerebral perfusion, apoptosis, blood-brain barrier per-
meability, and neurological outcomes, whereas direct studies assessing the neuroinflam-
matory profile, microglia, and cytokine cascades are considerably rarer [64,74]. Therefore,
transferring conclusions from models of acute lung injury to the neurovascular unit ne-
cessitates particular caution because in the brain, increased PaCO: levels simultaneously
affect cerebral blood flow, acid-base status, barrier function, the cellular stress response,
and innate immune activity. The resulting biological effect is therefore determined by the
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combination of these processes rather than by a single anti-inflammatory mechanism
[64,75].

Nevertheless, it is precisely the cerebrovascular and anti-apoptotic effects of moder-
ate hypercapnia that explain why it has attracted attention in neurobiology and neurocrit-
ical care [64,74]. In a model of transient global cerebral ischemia in adult rats, mild and
moderate hypercapnia at PaCOz levels of 60-100 mmHg improved neurological outcomes
and reduced injury, whereas severe hypercapnia at PaCO: levels of 100-120 mmHg ag-
gravated cerebral edema and worsened injuries, indicating that nervous tissue had a dose-
dependent response to CO2 [74,76]. In a model of focal ischemia followed by reperfusion,
a therapeutic level of hypercapnia, defined as 80-100 mmHg of PaCO: for 2 h, improved
functional recovery, reduced lesion volume, and was accompanied by anti-apoptotic
shifts, including increased levels of Bcl-2 and decreased levels of Bax and caspase-3. This
finding is consistent with the concept of a neuroprotective window for moderate hyper-
capnia in acute ischemic injury [77,78]. A similar direction of effect was also observed in
a traumatic model of lateral fluid percussion brain injury, where therapeutic hypercapnia
reduced blood-brain barrier damage, improved neurological outcomes, and supported
tissue integrity in the area of secondary injury [75].

However, these data alone do not yet allow hypercapnia to be described as a proven
anti-inflammatory factor in the central nervous system, since the studies mentioned above
predominantly analyze cerebral hemodynamics, apoptosis, and barrier function, whereas
direct analysis of the microglial profile and cytokine architecture is considerably less de-
veloped [5,74,75,77]. Thus, in the brain, moderate hypercapnia may produce a neuropro-
tective effect, but this neuroprotection is not identical to an already-proven suppression
of neuroinflammation. Therefore, it should be interpreted as an integrated result of vas-
cular, metabolic, and anti-apoptotic shifts, among which the immune component remains
insufficiently characterized [64,74].

Data on chronic hypercapnia are of particular interest regarding the present topic
since they show that the immune response of the brain to elevated CO:z levels is not uni-
directional [78]. In a transcriptomic study of cardiorespiratory nuclei, mild chronic hyper-
capnia was mainly accompanied by increased expression of immune-associated genes and
activation of immune pathways, whereas moderate chronic hypercapnia, by contrast,
caused a broad decrease in the expression of genes associated with the immune response
and vascular function, along with inactivation of the corresponding pathways [78]. This
result is of fundamental importance since it demonstrates that even within a single ana-
tomical region of the brain, the effect of hypercapnia on the inflammatory-stress response
depends on the intensity of exposure [78].

Direct evidence was also obtained in a study of microglia in respiratory chemosensi-
tive nuclei of the brainstem during prolonged hypercapnia [79]. In this model, longer hy-
percapnic exposure, consisting of 10% COz in air for 30 min, increased CD86 expression
in Ibal-positive cells of the ventral respiratory column, raphe nuclei, and nucleus of the
solitary tract, whereas CD206 expression remained without significant changes. This re-
sult indicates a shift in microglia toward an inflammatory phenotype without a compara-
ble increase in regulatory features [79]. In addition, in cultures of brainstem microglia, but
not hippocampal microglia, hypercapnia increased IL-1f levels in the absence of increased
TGF-f, and the authors directly interpreted these findings as the development of an in-
flammation-like phenotype in microglia of brain structures associated with respiratory
regulation [79]. This is particularly important to consider since it is here where direct evi-
dence shows that, in the central nervous system, hypercapnia may be accompanied not
by suppression but rather maintenance of a pro-inflammatory microglial response, at least
in some specialized brainstem centers [79]. In turn, this notion draws attention to the need
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for a clear definition of the localization of the pathological focus when applying hyper-
capnia for recovery after an ischemic stroke.

These data should also be interpreted in consideration of the possible involvement of
astrocytes in the regional heterogeneity of the response to hypercapnia. In chemosensitive
structures in the brainstem, astrocytes can respond to changes in CO2/pH and participate
in the regulation of the respiratory response [80,81]. Furthermore, astrocytes are involved
in COz-dependent regulation of vascular tone, including Ca?-, COX-1-, and PGE2-depend-
ent mechanisms of hypercapnic vasodilation [82]. In the hippocampus and cortex, their
contribution may be primarily related to the control of extracellular glutamate, water ho-
meostasis, AQP4-dependent perivascular function, and astrocyte-microglia interactions
[83-85]. However, direct evidence of how hypercapnia alters astrocytic production of cy-
tokines and chemokines in ischemic brain tissue remains limited.

Thus, when moving from pulmonary and endothelial models to brain tissue itself,
the picture becomes noticeably more complex [76,79]. Whereas under conditions of acute
sterile injury outside the central nervous system, hypercapnia often reduces NF-«xB-de-
pendent pro-inflammatory activation and cellular recruitment, in regard to the brain,
there are also data demonstrating the neuroprotective effect of moderate hypercapnia in
ischemia and indicating pro-inflammatory microglial reactivity during prolonged CO: ex-
posure, with both groups of findings being experimentally supported [5,76-79]. There-
fore, with regard to the central nervous system, hypercapnia should, at this stage, be de-
scribed as a modifier of the neuroinflammatory and stress response that depends on dose,
duration, and anatomical context [78,86].

The most unfavorable response is observed when hypercapnia acts not in isolation
but in a context of prolonged hypoxia, and this situation is critical for neuroinflammation
[86,87]. In a model of chronic hypoxemia in adult rats, the combination of 3 h hypercapnia
and hypoxia caused more-severe impairment of learning and memory, more pronounced
apoptosis of hippocampal neurons, and greater activation of the NLRP3 inflammasome,
caspase-1, and IL-1 than hypoxia alone; thus, under these conditions, COz enhanced the
inflammatory and damaging component of hypoxic stress [86]. The authors showed that
hypercapnia markedly increased the expression of NLRP3, caspase-1, and IL-1f3 in micro-
glia activated by hypoxia, while pharmacological inhibition of this pathway reduced neu-
ronal apoptosis. These findings link the worsening of cognitive outcomes specifically to
the microglial inflammasome component rather than only the hemodynamic conse-
quences of hypoxia [86].

This line of research was further developed in a study showing that a similar level
and duration of hypercapnia stimulated microglial pyroptosis through inhibition of mi-
tophagy in adult rats exposed to hypoxia. Thus, elevated CO: levels against the backdrop
of prolonged hypoxia enhanced microglial pyroptosis and the release of IL-13 and IL-18
through impaired mitophagy and subsequent inflammasome activation [88]. Another
study pertaining to the same line of research established that while hypercapnia alone
may be insufficient to increase IL-1[3 levels, hypercapnia can exert its effects in the pres-
ence of hypoxia. Against this background, IL-1R1 and p-IRAK-1 expression increased in
the cerebrovascular endothelium, while the expression of tight junction proteins, includ-
ing ZO-1, occludin, and claudin-5, exhibited a decrease, which was accompanied by
greater blood-brain barrier permeability [87]. This result shows that prolonged hypercap-
nia in combination with hypoxia can enhance IL-13-dependent inflammatory damage at
both the microglia and vascular-component-of-the-neurovascular-unit levels [86,88].

Therefore, from a practical perspective, it is methodologically imprudent to assess
hypercapnia outside the context of concomitant oxygenation, the intensity of the exposure
protocol, and the nature of the primary injury [86,87,89]. In acute ischemia, a moderate
increase in CO:z levels may improve cerebral blood flow, support tissue metabolism, and
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reduce apoptotic damage; however, with prolonged exposure and in combination with
hypoxia, the same factor may enhance ROS-dependent inflammasome activation, increase
IL-1p levels, and aggravate neuronal death and cognitive deficits [82,86,87]. Accordingly,
it is most appropriate to consider hypercapnia not in isolation but within a spectrum of
conditions ranging from moderate therapeutic hypercapnia under controlled oxygenation
to prolonged hypercapnic hypoxemia, in which different biological mechanisms already

predominate [64,86].

Thus, in the central nervous system, moderate permissive hypercapnia may be ac-
companied by neuroprotective effects associated with improved perfusion, reduced apop-
tosis, and preservation of barrier function. However, direct evidence for a stable anti-in-
flammatory effect of CO2 in the brain remains limited, while during chronic exposure,

especially during prolonged combination with hypoxia, hypercapnia may support pro-
inflammatory microglial reactivity, enhance IL-13-dependent cascades, and worsen injury

outcomes [5,75,77-79,86,87].

Table 2 presents a systematization of experimental models and the main molecular

and cellular effects of hypercapnia in the nervous system, including differences between
acute hypercapnia, chronic hypercapnia, and hypercapnia against the backdrop of pro-

longed hypoxemia.

Table 2. The molecular effects of hypercapnia in the nervous system.
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Note for Table 2: For in vivo models, arterial blood pH is indicated; for in vitro models, the pH of
the culture medium or supernatant is indicated (when reported by the authors). For studies that did
not describe the pH of the experimental environment, the value “not reported” is given in the cor-
responding column; therefore, effects attributable to hypercapnia per se versus those mediated by
acidosis should be interpreted with caution. Arrows denote upregulation (1) or downregulation ()
of the activity or abundance of molecules, as well as alterations in the state of structures, mediated

by the hypercapnic regimens specified in the table.

Thus, the data presented in Table 2 show that the effects of hypercapnia on the nerv-
ous system depend primarily on the exposure protocol, its duration, and its combination
with chronic hypoxemia. In models of ischemic and traumatic injuries, moderate permis-
sive hypercapnia is predominantly associated with neuroprotective changes, including
reduced apoptosis, preservation of tight junction proteins, and improved neurological
outcomes.

Contradictions in the literature regarding the effects of hypercapnia on the inflam-
matory response in the nervous system can largely be explained by the methodological
heterogeneity of studies. Different studies use fundamentally different models, ranging
from in vivo ischemia and traumatic brain injury to in vitro cultures of microglia and en-
dothelial cells, while also assessing non-identical endpoints: some studies focus primarily
on neurological outcome, apoptosis, and blood-brain barrier permeability [5,75,76],
whereas others analyze microglial markers, inflammasome activation, and cytokine pro-
files [79,86,87]. Also critical is the fact that hypercapnia in these studies effectively refers
to different states—acute moderate therapeutic hypercapnia, chronic hypercapnia, and
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prolonged hypercapnia combined with hypoxia—each of which creates a distinct biolog-
ical context and may lead to opposite effects [78,79,87]. In addition, the results depend on
the CO2 concentration employed, exposure duration, the time window relative to injury,
the anatomical localization of the brain region studied, and even the regional specificity
of microglia, which has been particularly clearly demonstrated for brainstem chemosen-
sitive structures and the hippocampus [79]. Therefore, comparison of data on hypercapnia
requires consideration not only of molecular markers but also of the full experimental
context.

5. Potential Synergy in the Effects of Hypoxia and Hypercapnia on
Inflammatory Processes in the Nervous System

We have published a series of studies describing the neuroprotective effects of hy-
poxia and hypercapnia as a means of inducing cerebral ischemic/hypoxic tolerance [7-9].
At the same time, the protective effects of combined hypoxia and hypercapnia were found
to be superior to their effects in isolation. These effects may be mediated by a number of
mechanisms, including increased HIF-1a expression, metabolic changes, modulation of
apoptosis, and maintenance of blood-brain barrier integrity [11]. In addition, the results
of a randomized placebo-controlled clinical trial indicated that hypercapnic hypoxia is
clinically effective as a neurorehabilitation method in the acute period after a stroke [13].

However, the mechanisms underlying the neuro-rehabilitative effect of combined
hypercapnia and hypoxia that are associated with the modulation of inflammation remain
poorly understood. Previously, however, an increase in BDNF in ischemic nervous tissue
was observed against the backdrop of a reduction in ischemic lesion volume after a two-
week course of combined and isolated exposure to hypercapnia and hypoxia induced af-
ter the modeling of photoinduced focal ischemia of the rat cerebral cortex [89]. In turn, it
is known that increased BDNF levels play a positive role in recovery after a stroke through
the activation of anti-inflammatory effects, neurogenesis, and neuroplasticity [90,91].

One mechanism that may underlie increased BDNF expression is MAPK activation
under hypercapnic exposure [92,93]. The level of BDNF expression, in turn, is likely asso-
ciated with activation of adenylate cyclase and subsequent CREB phosphorylation under
the influence of protein kinase A [94]. In addition, BDNF expression may increase as a
result of hypercapnia-induced enhancement of MAPK activity, which initiates the
CREB/BDNF signaling cascade [93,95]. MAPK activation may also occur under hypoxic
exposure [96]. Thus, the combined effect of hypoxia and hypercapnia on the MAPK sig-
naling pathway may be responsible for greater BDNF expression in nerve cells compared
with their isolated effects.

In addition, it was shown that after exposure to hypercapnic hypoxia, the concentra-
tions of S100 and NSE proteins in the blood decreased, whereas after exposure to normo-
baric hypoxia, only 5100 levels decreased [89]. This finding may be a result of more effec-
tive recovery of nervous tissue after a stroke and/or restoration of blood-brain barrier in-
tegrity after exposure to hypercapnic hypoxia. This concept is consistent with our previ-
ous data demonstrating that the combination of hypercapnia and hypoxia leads to the
smallest changes in blood-brain barrier permeability [11]. A possible mechanism under-
lying this effect may be the anti-inflammatory action of hypercapnia. During the develop-
ment of inflammation, NF-kB is activated, which leads to increased expression of pro-
inflammatory cytokines, including TNF-a, IL-6, and IL-8, and cell adhesion molecules,
including ICAM-1 and VCAM-1, which make vascular walls more permeable to immune
cells [97,98]. Hypercapnia reduces the activity of both the canonical and non-canonical
NF-kB activation pathways, thereby decreasing the expression of pro-inflammatory cyto-
kines and adhesion molecules [99,100]. Increased expression of heat shock proteins after
hypercapnic-hypoxic exposure [101] may also lead to reduced pro-inflammatory activity

https://doi.org/10.3390/ijms27125579



Int. ]. Mol. Sci. 2026, 27, 5579

15 of 27

of NF-«B [71]. In addition, hypercapnia can directly affect the glycolytic activity of mac-
rophages, potentially reflecting changes in their activation statuses [102].

Another factor influencing the restoration of blood-brain barrier integrity and inhi-
bition of neuroinflammation under hypercapnic hypoxia may be inhibition of matrix met-
alloproteinases by the hypoxic component of the combined exposure. For example, it has
been shown that hypoxic preconditioning may reduce the activity of MMP-2 and MMP-
9, which are involved in increasing blood-brain barrier permeability during ischemia—
reperfusion injury [103-105].

It is important to emphasize that many of the data presented above were obtained
though studies on peripheral cells or under specific experimental conditions, and their
direct application to neuroinflammation in ischemic injury requires further in-depth ver-
ification. This is particularly relevant in view of the limited amount of direct evidence for
the anti-inflammatory action of hypercapnia in the nervous system as well as data indi-
cating that, during chronic exposure or in combination with hypoxemia, hypercapnia may
enhance inflammation.

The proposed integration of hypoxic and hypercapnic signaling at the level of anti-
inflammatory, barrier-protective, and neuroplastic mechanisms is shown schematically in
Figure 1.
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Figure 1. An integrative scheme of the complex protective effects of hypoxia and permissive hyper-
capnia on neuroinflammation and recovery processes after cerebral ischemia. Note: Hypoxic condi-
tioning and permissive hypercapnia affect partially distinct but functionally overlapping signaling
pathways, including NF-kB-dependent inflammation, microglial reactivity, PI3K/Akt-mediated
survival mechanisms, CREB/BDNF-dependent neuroplasticity, and blood-brain barrier integrity.
In therapeutic protocols, their combination may produce a synergistic effect manifested by attenu-
ation of neuroinflammation, reduction in apoptosis, preservation of barrier function, and enhance-
ment of reparative plasticity. The dashed lines indicate presumed or insufficiently verified interac-

tions. Arrows indicate an increase (1) or decrease (]).

Based on the data presented in the previous sections, we can now propose a hypoth-
esis regarding the potential mechanisms of synergistic action of moderate hypoxia and
permissive hypercapnia in modulating neuroinflammation during the generation of neu-
roprotective effects in the CNS after an ischemic injury. Thus, hypoxic
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preconditioning/postconditioning and hypercapnia demonstrate a universal suppressive
effect on the central pro-inflammatory transcription factor NF-xB, but through different
molecular mechanisms: hypoxia increases the levels of its inhibitor IxB, preventing NF-
kB translocation into the nucleus [22], while hypercapnia suppresses lipopolysaccharide-
induced NF-kB activation in the endothelium and macrophages by reducing IxBa degra-
dation [66]. Thus, the combination of these factors may create a dual blockade of NF-«B
activation, leading to deeper suppression of the expression of its targets —pro-inflamma-
tory cytokines such as TNF-«, IL-6, and IL-1(3 as well as adhesion molecules such as
ICAM-1. It is important to emphasize that each of these factors has dose-dependent and
context-specific effects, ranging from pro- to anti-inflammatory. However, their combina-
tion in optimal therapeutic protocols may lead not merely to summation but to combined
effect or potential synergy that provides more pronounced and balanced neuroprotection.

Interesting observations have been made regarding the NLRP3 inflammasome: hy-
poxic conditioning reduced its activity and the level of phosphorylated MLKL [25,26],
whereas prolonged 3 h hypercapnia against the backdrop of hypoxia, by contrast, sharply
increased the expression of NLRP3, caspase-1, and IL-1f [86]. This indicates that under
maladaptive prolonged hypercapnic hypoxia, a pro-inflammatory effect manifests. At the
same time, a therapeutic combination of 30 min moderate hypoxia and hypercapnia may
prevent this negative synergy, possibly through activation of compensatory anti-inflam-
matory pathways, such as induction of heat shock proteins [105].

Both factors under consideration can also affect microglial reactivity, probably
through different signaling axes. For example, hypoxic conditioning promotes the expres-
sion of the microglial markers Argl, Ym1/2, IGF-1, and CD206 as well as the anti-inflam-
matory cytokines IL-10 and TGEF-3 [30]. This effect may also be mediated by exosomes
released by conditioned microglia [36]. At the same time, moderate hypercapnia may ex-
ert an anti-inflammatory effect on macrophage cells by suppressing their production of
TNEF-a and IL-6 [69] and influence the glycolytic metabolism of macrophage cells [102]. In
this case, potential synergy may consist of hypoxia creating a signaling context, through
HIF-1a and exosomes, that prepares microglia to respond to the hypercapnic stimulus,
which, in turn, induces additional metabolic reprogramming of the cell toward an anti-
inflammatory phenotype.

The astrocytic component must also be considered when discussing the potential in-
teraction between hypoxic and hypercapnic signaling. The post-ischemic inflammatory
response is shaped not only by microglia but also by astrocyte-microglia crosstalk: astro-
cytes regulate cytokine and chemokine production, extracellular glutamate levels, water
homeostasis, barrier function, and the restoration of tissue homeostasis after injury
[106,107]. Therefore, changes in the microglial marker profile under hypoxia or hypercap-
nia may reflect not only the direct action of the gas stimulus on microglia but also second-
ary signals emanating from reactive astrocytes.

This consideration is particularly important for hypercapnia because CO:z can engage
astrocytic mechanisms of neurovascular regulation. In an experimental study by Howarth
et al., hypercapnia was shown to induce astrocytic Ca? responses, activate COX-1, and
promote PGE2-dependent vasodilation, indicating that astrocytes may participate in the
vascular component of the brain’s response to elevated CO:2 levels [108]. Consequently,
the potential convergence of hypoxic and hypercapnic signaling should be examined not
only at the microglial level but also at the level of astrocyte-microglia-neurovascular unit
interactions, although direct evidence for such a mechanism under combined hypercapnic
hypoxia remains insufficient.

The mechanisms of neuroprotection during combined exposure to hypercapnia and
hypoxia may involve different but interconnected levels of influence on neuronal survival
under conditions of neuroinflammation. In this context, hypoxia activates the PI3K/Akt

https://doi.org/10.3390/ijms27125579



Int. ]. Mol. Sci. 2026, 27, 5579

17 of 27

pathway, leading to inhibition of the pro-apoptotic factor GSK-33 and enhancement of
neuroprotection [46]. Hypercapnia also exerts anti-apoptotic effects by increasing Bcl-2
levels and reducing levels of Bax and caspase-3 [5]. Thus, combined exposure may poten-
tiate inhibition of apoptosis under conditions of neuroinflammation, as supported by ex-
perimental data obtained from a model of ischemic injury [82].

One of the key potential convergent mechanisms of theoretical anti-inflammatory
synergy or combined effect is enhanced BDNF expression [89]. Hypoxia, through activa-
tion of the p38/MAPK/MAP4 signaling pathway [96], and hypercapnia, through ERK1/2
inactivation and adenylate cyclase activation followed by CREB phosphorylation [93,94],
may independently activate the MAPK/CREB pathway, leading to increased transcription
of the BDNF gene. The conclusion regarding the possible convergence of the anti-inflam-
matory effects of hypoxia and hypercapnia at the level of the MAPK/CREB/BDNF path-
way is based on data obtained from different experimental models, a fact that must be
considered when further studying this effect. Their combined action may result in super-
activation of this pathway, providing powerful stimulation of neuroplasticity and BDNEF-
mediated anti-inflammatory effects [89].

Preservation of blood-brain barrier integrity also supports the anti-inflammatory po-
tential of both therapeutic hypercapnia, which helps reduce tissue edema [75] and pre-
serve tight junction proteins such as ZO-1, occludin, and claudin-5 [74], and hypoxic con-
ditioning, which prevents destruction of the blood-brain barrier basement membrane
through inhibition of MMP-2 and MMP-9 [103,104]. Thus, hypoxia may prevent extracel-
lular matrix degradation, while hypercapnia may maintain the integrity of endothelial
junctions, together limiting neuroinflammation and cerebral edema.

The presented data emphasize that both hypoxia and hypercapnia exert their benefi-
cial effects, including reducing inflammation intensity and neuroprotection, only within
specific “therapeutic protocols” —under conditions of moderate intensity and limited ex-
posure duration. Thus, moderate hypoxia in a conditioning protocol activates adaptive
programs, including HIF-1a and stress proteins, while moderate hypercapnia adds anti-
inflammatory and vasodilatory components without exceeding the threshold beyond
which pro-inflammatory activation of inflammasomes and microglia, as well as aggrava-
tion of tissue edema, begins. By contrast, prolonged/severe hypoxia or chronic/high-level
hypercapnia aggravates injuries and inflammation.

At the same time, the potential synergy between hypoxic conditioning and permis-
sive hypercapnia in the modulation of neuroinflammation appears to be based on their
complementary and multitarget effects on different components and levels of the inflam-
matory cascade:

e Joint suppression of the key pro-inflammatory factor NF-xB occurs at the transcrip-
tional level;

e At the cellular level, a coordinated change in microglial activity occurs, presumably
involving a transition toward a reparative phenotype;

e At the level of intracellular signaling, cross-activation of survival pathways, includ-
ing PI3K/Akt, and plasticity-related pathways, including Ca?//CaMKII/CREB/BDNF,
is induced;

e  Combined protection of the structural integrity of the blood—brain barrier and limi-
tation of edema occur at the tissue level.

It is important to emphasize that the evidence regarding the coordinated effects on
NF-xB, CREB/BDNF, blood-brain barrier integrity, and microglia has largely been de-
rived from individual experimental studies in which these interventions were often ap-
plied separately across different models, including in vitro preparations. Further studies
are required to validate the hypothesis of a possible mutual potentiation of the effects of
hypoxia and hypercapnia on neuroinflammation. This potential synergy is not automatic
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and strictly depends on the dose parameters and duration/frequency of exposure. Further
studies should be aimed at precise verification of the optimal parameters of therapeutic
exposure required to achieve an anti-inflammatory effect—including the onset of expo-
sure, gas concentrations, the duration and frequency of sessions, the repeatability of treat-
ment courses, and other factors—as well as studying the molecular cross-points at which
signals from hypoxic and hypercapnic stimuli are integrated to launch the most effective
anti-inflammatory and reparative program in ischemic nervous tissue.

The complex protective effects of a controlled combination of hypoxia and permis-
sive hypercapnia that are relevant to post-ischemic neurorehabilitation are summarized
in Figure 2.

Controlled hypercapnic hypoxia
« Therapeutic gas exposure
* Moderate hypoxia + permissive
hypercapnia
« Defined intensity and duration

Anti-inflammatory effects Anti-apoptotic and BBB and vascular Neuroplastic and

(¢ NF-kB suppression | cytoprotective effects protection reparative effects

* Reduced pro- » PI3K/Akt-associated * Preservation of tight * BDNF-associated
inflammatory survival signaling junction proteins plasticity
cytokine signaling ¢ Reduced neuronal ¢ Reduced BBB ¢ |Improved neuronal

« Attenuation of apoptosis permeability survival
inflammasome « Stress-protective * Reduced edema « Support of post-
activation cellular adaptation formation ischemic recovery

» Shift toward a
reparative microglial
phenotype

'/"/:'_—' Conditions required for Implications for neurorehabilitation

Integrated protective outcome therapeutic translation * Optimization of gas exposure

» Reduced secondary brain (s Strict control of intensity ) protocols

injury and duration + Selection of molecular targets
» Lower neuroinflammatory « Avoidance of severe + Combination with

burden NI Y hypoxia and excessive —p pharmacological modulators
» Improved tissue hypercapnia * Personalized post-stroke

preservation * Consideration of timing rehabilitation strategies
» Enhanced recovery after ischemia

potential * Consideration of

comorbidity and infection
* Need for biomarker-guided
\___monitoring

J

Figure 2. An integrative scheme of the complex protective effects of hypoxia and permissive hyper-
capnia on neuroinflammation and recovery processes after cerebral ischemia. Note: A controlled
combination of hypoxia and permissive hypercapnia may integrate anti-inflammatory, cytoprotec-
tive, barrier-protective, and neuroplastic effects, thereby helping to reduce secondary brain injury
and enhancing the potential for recovery after ischemia. The scheme also reflects the conditions
necessary for the therapeutic application of this approach and the possible directions for its combi-

nation with pharmacological modulators.

6. Clinical Applications

A number of clinical studies have been conducted to evaluate the therapeutic poten-
tial of hypoxia and hypercapnic hypoxia as rehabilitation methods for patients with nerv-
ous system pathologies.

Hornby et al., in a phase II randomized trial (n = 35 patients with chronic stroke,
duration > 6 months), evaluated the effect of combining acute intermittent hypoxia (AIH)
with high-intensity walking training (HIT). The AIH protocol consisted of 15 cycles (60—
90 s of 8-9% O2 + 30-60 s of 21% Oz) for 30 min prior to training. The combination of AIH
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+ HIT resulted in a statistically significant increase in maximal walking speed, six-minute-
walk distance, and peak treadmill speed relative to HIT alone (p < 0.01) [109]. Earlier, a
series of studies by Hayes et al. demonstrated the positive effect of daily intermittent hy-
poxia combined with walking training on walking speed and endurance in patients with
chronic motor impairments, including post-stroke patients [110].

The most well-studied form of preconditioning in clinical practice remains to be re-
mote ischemic preconditioning (RIPC), which is implemented through repeated cycles of
ischemia-reperfusion in a limb using a cuff. In a large multicenter randomized RICAMIS
trial (n = 1893 patients who suffered an moderate acute ischemic stroke), the addition of
RIPC (5 cycles of 5 min) to standard therapy led to a significant increase in the proportion
of patients with an excellent functional outcome (mRS 0-1) at day 90 (67.4% vs. 62.0% in
the control group, p = 0.02) [111]. Subsequent studies (RESIST, REMOTE-CAT) confirmed
the safety of RIPC when applied in both inpatient and prehospital settings, including in
combination with thrombolysis and mechanical thrombectomy. Although not all large tri-
als achieved statistical significance for the primary endpoint, this method demonstrates
potential benefits and good tolerability [112,113].

One study using hypercapnic hypoxia as a neuro-rehabilitative intervention was con-
ducted as a randomized, triple-blind, placebo-controlled trial involving 102 patients af-
fected by an ischemic stroke [10]. Treatment was initiated 48-72 h after the onset of the
stroke. The experimental group (n = 50) underwent daily breathing training sessions in
which hypercapnic hypoxia was induced, with FetCO2 = 5-6% and FetO:2 = 15-16%, con-
sisting of 7-11 sessions of 20 min each. The control group (n = 52) performed similar
breathing exercises with atmospheric air. According to the results of the study, the hyper-
capnic hypoxia group showed a statistically significant improvement in neurological sta-
tus according to the NIHSS, mRS, Barthel Index, Rivermead Mobility Index, and MoCA
scales as well as reduced levels of anxiety and depression.

However, neuroimaging techniques were not used in this study to reliably assess
changes in stroke volume in response to the therapy applied. Furthermore, the relatively
small sample size should be noted. The authors concluded that this method may represent
a safe and effective approach to the early neurorehabilitation of patients after an ischemic
stroke, warranting further investigation, including in clinical trials [10]. A similar ap-
proach had previously been successfully tested in regard to cerebral palsy [114]. In a ran-
domized, triple-blind, placebo-controlled study involving 42 children aged 3-7 with spas-
tic cerebral palsy, a course of breathing training with hypercapnic hypoxia led to substan-
tial improvement in the functional state of the nervous system, manifested by accelerated
conduction of excitation along the pyramidal tract, increased excitability of cortical motor
neurons, and reduced latency of cognitive evoked potentials. It should be noted that in
this study, the conclusions were based primarily on neurophysiological measures, limit-
ing extrapolation of the results to patient clinical outcomes [114].

Future clinical studies may focus on determining the optimal regimens and duration
of respiratory exposure as well as identifying patient subgroups that are more likely to
benefit from such exposure. Furthermore, the long-term effects of hypercapnic hypoxia
on stroke outcomes have not been established. Additionally, potential adverse events as-
sociated with this method should be mentioned, which may include increased systemic
blood pressure, development of cerebral edema, and exacerbation of ischemia due to
blood flow redistribution. Patient groups that may be negatively affected by hypercapnic
hypoxia include those with pulmonary or cardiac pathologies. These hypotheses require
validation in future studies.
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7. Perspectives on the Pharmacological Modulation of Hypoxic and
Hypercapnic Conditioning

As mentioned earlier, there are several main mechanisms that may underlie the pos-
sible synergy between hypoxia and hypercapnia in the context of neuroinflammation
modulation. In addition to providing a theoretical rationale for the use of hypoxia and
hypercapnia in nervous system pathology, these mechanisms may also serve as targets
for pharmacological potentiation. This direction may become a task for future research.

One promising target for pharmacological potentiation is the NLRP3 inflammasome,
whose important role in nervous system pathology and neuroinflammation was de-
scribed in the previous sections [22,115,116]. For example, the selective NLRP3 inhibitor
MCC950 significantly reduced levels of the pro-inflammatory cytokines TNF-a, IL-13, and
IL-6 and decreased the severity of neurological deficits in models of subarachnoid hem-
orrhage and stroke [117,118]. Hypoxia and hypercapnia may exert multidirectional effects
on NLRP3: hypoxia reduces NLRP3 activity, whereas hypercapnia, in contrast, may in-
crease its activity and promote neuroinflammation during prolonged exposure [22,85]. It
is reasonable to assume that NLRP3 blockade may additionally enhance the anti-inflam-
matory effect of hypoxia while simultaneously reducing the potential activating influence
of hypercapnia on NLRP3, which, together, may lead to reduced neuroinflammation.

Hypoxic conditioning already activates the protective PI3K/Akt signaling pathway
to a considerable extent, leading to phosphorylation of GSK-3(3; inhibition of pro-apop-
totic factors; reduced expression of pro-inflammatory markers such as NF-xB, COX-2, and
CD68; and limitation of neuroinflammation and apoptosis in models of ischemic brain
injury [46]. In the context of hypercapnic hypoxia, this pathway is of particular interest
since combined exposure to hypoxia and hypercapnia may potentiate PI3K/Akt activa-
tion, thereby enhancing anti-apoptotic and neuroprotective effects relative to isolated ex-
posure.

One promising PI3K/Akt-activating molecule is SC79 [119], which specifically acti-
vates Akt in the cytoplasm by inhibiting its membrane translocation. SC79 penetrates the
blood-brain barrier well and has high selectivity. In a rat model of focal cerebral ische-
mia/reperfusion, administration of SC79 significantly reduced stroke volume [119]. SC79
significantly increased the level of phosphorylated Akt, increased expression of the anti-
apoptotic protein Bcl-2, reduced expression of the pro-apoptotic protein Bax, decreased
infarct volume, and improved neurological outcomes. These effects were completely
blocked by co-administration of the PI3K inhibitor LY294002, confirming that neuropro-
tection was mediated specifically through activation of PI3K/Akt signaling [119]. The po-
tential synergy with the effects of hypercapnic hypoxia is evident in the fact that hyper-
capnic hypoxia creates a favorable background for PI3K/Akt activation through its hy-
poxic component and for apoptosis inhibition through its hypercapnic component,
whereas SC79 provides additional, more stable, and prolonged phosphorylation of Akt in
the cytoplasm. Such a combination may allow deeper inhibition of apoptosis and neuroin-
flammation.

Another method of pharmacologically augmenting hypercapnic hypoxia may in-
volve targeting c-Jun N-terminal kinase (JNK). JNK belongs to the MAPK family and is
activated by ischemia, oxidative stress, and other stimuli. Activation of JNK after cerebral
ischemia/reperfusion leads to caspase activation, cytochrome C release, and phosphory-
lation of Bad at serine-128, thereby promoting apoptosis and neuroinflammation [120].
The JNK blocker IQ-1S was found to reduce inflammatory cytokine levels after lipopoly-
saccharide administration in mice [121]. The drug also suppressed macrophage polariza-
tion toward the proinflammatory phenotype, which may be interpreted as an anti-inflam-
matory effect. In another study, the lithium salt of the same compound, IQ-1L, also
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reduced stroke volume and levels of IL-1a, IL-1p3, IL-6, GM-CSF, and MCP1 compared
with the control group [122]. In a middle-cerebral-artery occlusion model (MCAo), ad-
ministration of the JNK inhibitor JNK-IN-8 reduced the severity of neurological deficits;
decreased IL-1P, IL-6, and TNF-a levels; and suppressed NF-«B activation [123].

There is evidence of increased BDNF levels in ischemic tissue after therapeutic expo-
sure to hypercapnic hypoxia [89]. The use of TrkB agonists that interact with the BDNF
receptor may additionally potentiate the neuroprotective and anti-inflammatory effects of
hypercapnic hypoxia. The most studied candidates are 7,8-dihydroxyflavone (7,8-DHF)
and LM22A-4. 7,8-DHEF is a highly specific TrkB agonist that penetrates the blood-brain
barrier [124]. In models of ischemic stroke and perinatal hypoxia—ischemia, it reduces in-
farct volume, improves motor and cognitive recovery, and enhances myelination [125]. In
in vitro models, 7,8-DHF increased neuronal survival and suppressed apoptosis during
oxygen-glucose deprivation [120]. The partial TrkB agonist LM22A-4 increased TrkB and
Akt phosphorylation, stimulated neurogenesis, and improved functional outcome in
models of acute ischemic stroke and traumatic brain injury [126].

The potential avenues for pharmacological modulation of the effects of hypoxia and
hypercapnia outlined above are encouraging and promising, yet at the same time remain
largely preliminary. Further studies are required in which the effects of gas exposure
alone are directly compared with those of gas exposure combined with a pharmacological
agent.

8. Conclusions

The presented analysis confirms that controlled intermittent hypoxia and permissive
hypercapnia are capable of modulating key mechanisms of neuroinflammation (NF-«B,
NLRP3 inflammasome, microglial functional states) and promoting neuroplasticity
(CREB/BDNF). However, the evidence regarding their combined effects on neuroinflam-
mation remains limited. The potential synergistic or mutually potentiating action of hy-
poxia and hypercapnia on neuroinflammatory pathways has not yet been adequately
characterized. Further studies are required to validate the hypothesis that their combina-
tion exerts superior anti-inflammatory and cytoprotective effects compared with either
stimulus alone. In particular, additional research is needed to determine whether targeted
pharmacotherapy combined with gas conditioning offers clinical advantages over gas ex-
posure alone. Thus, hypoxia, hypercapnia, and their combination represent promising di-
rections that require further investigation.
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