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Abstract: Hypoxia is a central driver of cancer progression, immune evasion, and resistance to anticancer therapies. While hypoxia
has traditionally been considered an intrinsic feature of the tumor microenvironment, growing evidence indicates that chronic
intermittent hypoxia—particularly that occurring during sleep—represents a systemic and potentially modifiable contributor to
hypoxia-driven oncogenic signaling. Sleep-disordered breathing is the most prevalent cause of nocturnal intermittent hypoxia and
induces oxidative stress, inflammation, metabolic reprogramming, and immune dysregulation through mechanisms that overlap with
those observed in hypoxic tumors.This narrative review synthesizes current experimental, translational, and clinical evidence
supporting the concept that restoration of physiological normoxia, especially during sleep, may attenuate hypoxia-mediated cancer
biology and improve responsiveness to standard anticancer therapies. We examine the biological effects of normoxia restoration on
hypoxia-inducible signaling, redox homeostasis, tumor metabolism, and antitumor immunity, highlighting its potential role as a host-
directed, adjuvant strategy rather than a direct tumor-targeting intervention.We further review sleep and airway-centered therapeutic
approaches capable of reducing nocturnal hypoxic burden, including continuous positive airway pressure, mandibular advancement
devices, upper airway surgery, myofunctional therapy, and respiratory physiotherapy. Although these interventions are not cancer-
specific, their ability to stabilize nocturnal oxygenation positions them as clinically relevant tools within a multidisciplinary framework
aimed at hypoxia normalization.Collectively, the evidence suggests that nocturnal normoxia is a biologically meaningful and clinically
actionable target. Integrating sleep and airway interventions into cancer care pathways may represent a novel avenue to mitigate
hypoxia-driven treatment resistance and enhance therapeutic outcomes. Prospective clinical studies incorporating objective measures
of hypoxic burden are warranted to validate this integrative approach.Restoration of physiological normoxia is therefore proposed as
a host-directed, adjuvant strategy aimed at mitigating hypoxia-driven oncogenic pathways and improving responsiveness to standard
anticancer therapies.
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Introduction
Hypoxia is a well-established hallmark of cancer biology, playing a central role in tumor initiation, progression, immune
escape, and resistance to anticancer therapies. Within the tumor microenvironment, hypoxic conditions promote
angiogenesis, metabolic reprogramming, epithelial-mesenchymal transition, and genomic instability, largely through
the activation of hypoxia-inducible factors (HIFs). These adaptive mechanisms provide tumor cells with a selective
advantage, facilitating survival, invasiveness, and therapeutic resistance. Consequently, hypoxia has traditionally been
regarded as an intrinsic tumor feature and a major obstacle to effective cancer treatment.

In the context of this review, physiological normoxia refers to systemic oxygenation levels compatible with normal
tissue metabolism and homeostatic regulation, typically characterized by stable arterial oxygen saturation and the absence
of chronic or intermittent hypoxic burden.
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In clinical practice, systemic hypoxemia is commonly categorized according to arterial oxygen saturation levels.'
Oxygen saturation values between 91-94% are generally considered mild hypoxia, values between 86—90% moderate
hypoxia, and values below 86% severe hypoxia, while oxygen saturation below 90% is widely regarded as clinically
significant hypoxemia.'*> Repeated episodes of desaturation within these ranges during sleep may generate a substantial
cumulative hypoxic burden.

However, emerging evidence indicates that hypoxia is not exclusively confined to the tumor microenvironment.
Chronic intermittent hypoxia, particularly when occurring systemically and repeatedly during sleep, represents a distinct
and clinically relevant biological stressor. Sleep-related breathing disorders, such as obstructive sleep apnea, constitute
the most prevalent cause of nocturnal intermittent hypoxia in adults.? In these conditions, recurrent oxygen desaturation—
reoxygenation cycles induce oxidative stress, inflammation, sympathetic activation, and immune dysregulation, thereby
creating a systemic milieu that may favor carcinogenesis and tumor progression.

Recent narrative and experimental studies have begun to elucidate mechanistic links between chronic intermittent
hypoxia and cancer biology, demonstrating that nocturnal hypoxic burden can activate pro-oncogenic pathways similar to
those observed in hypoxic tumor regions. These include HIF-1a stabilization, enhanced glycolytic metabolism, increased
expression of immune checkpoint molecules such as PD-L1, and impaired antitumor immune surveillance. Importantly,
such processes appear to be temporally patterned, with hypoxia-related signaling peaks occurring predominantly during
sleep, suggesting that tumor adaptation and progression may be reinforced during nocturnal periods.

In parallel, anatomical and functional factors contributing to sleep-related hypoxia have gained increasing attention.
Altered craniofacial development, maxillary growth deficiency, ankyloglossia, and chronic mouth breathing are increas-
ingly recognized as contributors to upper airway collapse and nocturnal hypoxia. These observations support the concept
that systemic hypoxia may precede and facilitate malignant transformation long before the emergence of clinically
detectable tumors.

While the deleterious effects of hypoxia on cancer biology are increasingly well characterized, comparatively little
attention has been devoted to the potential biological consequences of restoring physiological normoxia. Rather than viewing
oxygen solely as a tumor-directed intervention, restoring stable normoxic conditions—particularly during sleep—may
represent a strategy to counteract hypoxia-driven oncogenic pathways at the host level. By attenuating HIF-mediated
signaling, reducing oxidative stress, improving immune surveillance, and normalizing metabolic homeostasis, physiological
normoxia could enhance the effectiveness of standard anticancer therapies without directly targeting tumor cells.

Importantly, several non-pharmacological interventions routinely used in sleep medicine and airway manage-
ment—including continuous positive airway pressure (CPAP), mandibular advancement devices, myofunctional
therapy, speech therapy, and respiratory physiotherapy—have demonstrated efficacy in reducing nocturnal hypoxic
burden. These interventions provide a unique opportunity to explore whether normalization of oxygenation can
modulate tumor biology and improve treatment outcomes when used as adjuncts to conventional oncologic care. In
addition, otorhinolaryngologic interventions aimed at improving upper airway patency may play an important role
in selected patients by addressing anatomical contributors to nocturnal hypoxia.

Therefore, the aim of this narrative review is to synthesize current experimental, translational, and clinical evidence
addressing the role of physiological normoxia as a potential modulator of hypoxia-driven cancer biology. We focus on the
biological mechanisms through which restoration of normoxia—particularly nocturnal normoxia—may enhance anti-
tumor immunity, reduce treatment resistance, and improve the efficacy of standard anticancer therapies. By reframing
oxygenation as a systemic and circadian-modulated determinant of cancer behavior, this review seeks to propose a novel
integrative perspective linking sleep, airway physiology, and oncology.

Within this framework, nocturnal oxygenation emerges as a potentially overlooked systemic determinant of tumor
biology. Recurrent episodes of sleep-related hypoxia may act as a circadian amplifier of hypoxia-driven oncogenic
signaling, whereas restoration of stable nocturnal normoxia could represent a biologically plausible strategy to mitigate
these effects and enhance responsiveness to anticancer therapies.

Accordingly, this review does not propose normoxia restoration as a tumor-targeted treatment, but rather as a host-
directed, adjuvant strategy aimed at mitigating hypoxia-driven mechanisms that influence cancer progression and
treatment responsiveness.
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Figure 1 Conceptual framework linking sleep-related intermittent hypoxia and cancer treatment responsiveness.Sleep-disordered breathing may generate chronic
intermittent hypoxia during sleep, producing repeated cycles of oxygen desaturation and reoxygenation. These oscillatory hypoxic signals activate hypoxia-inducible
pathways, oxidative stress responses, inflammatory signaling, and immune modulation. Together, these mechanisms may influence tumor—host interactions and contribute
to resistance to anticancer therapies.

An overview of the proposed biological relationships between sleep-related intermittent hypoxia and cancer treatment
responsiveness is summarized in Figure 1 while the systemic biological mechanisms linking chronic intermittent hypoxia
to tumor behavior are illustrated in Figure 2.

Narrative Review Methodology
This article was conducted as a narrative review integrating experimental, translational, and clinical evidence related to
tumor hypoxia, chronic intermittent hypoxia, and sleep-disordered breathing. Relevant literature was identified through

EEINT3

searches of PubMed, Scopus, and Google Scholar using combinations of the following keywords: “hypoxia”, “inter-
mittent hypoxia”, “sleep-disordered breathing”, “obstructive sleep apnea”, “cancer biology”, and “tumor microenviron-
ment”. Priority was given to mechanistic studies, translational research, and clinical investigations addressing hypoxia-

related oncogenic pathways.

Chronic Intermittent Hypoxia as a Driver of Treatment Resistance
Chronic intermittent hypoxia (CIH) represents a biologically distinct form of hypoxic stress characterized by repetitive
cycles of oxygen desaturation and reoxygenation, most commonly occurring during sleep in individuals with sleep-
related breathing disorders. Unlike sustained tumor hypoxia, CIH generates oscillatory hypoxic signals that combine
activation of hypoxia-responsive pathways with recurrent oxidative stress, leading to maladaptive cellular responses
rather than stable metabolic adaptation.*>

A growing body of experimental and translational evidence indicates that CIH promotes resistance to anticancer
therapies. Intermittent stabilization of hypoxia-inducible factor-lo (HIF-1a) under CIH conditions enhances the tran-
scription of genes involved in angiogenesis, glucose transport, cell survival, and invasion, while reoxygenation phases
induce bursts of reactive oxygen species (ROS) that contribute to genomic instability and activation of DNA damage
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Figure 2 Proposed biological relationship between chronic intermittent hypoxia and systemic modulation of tumor biology.Chronic intermittent hypoxia associated with
sleep-disordered breathing may influence multiple biological processes relevant to cancer progression, including HIF-la activation, oxidative stress, metabolic reprogram-
ming, endothelial dysfunction, and immune dysregulation. These systemic alterations may contribute to a tumor-supportive microenvironment and reduce responsiveness to
conventional anticancer therapies.

response pathways.®” Together, these mechanisms may paradoxically protect tumor cells from cytotoxic injury induced
by chemotherapy and radiotherapy.'

Radiotherapy efficacy is highly dependent on oxygen availability, as molecular oxygen acts as a radiosensitizer by
stabilizing radiation-induced DNA damage. CIH reduces effective tissue oxygenation during nocturnal periods and may
impair the radiosensitizing effect of oxygen, thereby contributing to radioresistance. Preclinical studies have demon-
strated that fluctuating hypoxic conditions enhance tumor cell survival following irradiation, partly through upregulation
of antioxidant defenses and hypoxia-responsive survival pathways.*’

Chemotherapy resistance has also been linked to hypoxia-induced alterations in drug transport, metabolism, and
apoptotic signaling. CIH promotes the expression of multidrug resistance proteins, anti-apoptotic factors, and metabolic
adaptations favoring glycolysis over mitochondrial respiration.'®!" These changes reduce susceptibility to chemotherapy-
induced cell death and may be particularly relevant in tumors exposed to systemic hypoxia over prolonged periods.

Immunotherapy resistance represents another critical dimension of CIH-driven treatment failure. Hypoxic signaling
enhances the expression of immune checkpoint molecules, including programmed death-ligand 1 (PD-L1), on tumor cells
and tumor-associated macrophages, thereby suppressing cytotoxic T-cell and natural killer cell activity.'*'* In addition,
CIH-induced inflammation and sympathetic activation impair effective antitumor immune surveillance, potentially
reducing responsiveness to immune checkpoint inhibitors."*

Beyond direct effects on tumor cells, CIH exerts systemic influences that indirectly shape the tumor microenviron-
ment. Endothelial dysfunction, vascular remodeling, and impaired perfusion further exacerbate intratumoral hypoxia,
creating a feed-forward loop that reinforces therapeutic resistance.'”> Collectively, these findings support the concept that
CIH functions as a host-level amplifier of hypoxia-driven treatment resistance, extending the impact of hypoxia beyond
the tumor itself.

Biological Effects of Restoring Physiological Normoxia
Restoration of physiological normoxia represents a potential means to counteract multiple hypoxia-driven oncogenic
pathways activated under chronic intermittent hypoxia. Unlike hyperoxic interventions, which may exacerbate oxidative
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stress, normoxia aims to re-establish stable tissue oxygenation within physiological ranges, thereby attenuating mala-
daptive cellular responses without inducing redox imbalance.

One of the most immediate biological consequences of normoxia restoration is the downregulation of hypoxia-
inducible factor signaling. Under normoxic conditions, HIF-1a undergoes prolyl hydroxylation and proteasomal degra-
dation, resulting in reduced transcription of genes involved in angiogenesis, glycolysis, cell survival, and invasion.'>'®
Experimental studies demonstrate that normalization of oxygen availability suppresses HIF-mediated expression of
VEGF, GLUTI, and LDHA, thereby limiting angiogenic drive and metabolic reprogramming associated with tumor
aggressiveness.'’

Normoxia also exerts a stabilizing effect on cellular redox homeostasis. Chronic intermittent hypoxia is characterized
by repeated hypoxia-reoxygenation cycles that generate bursts of reactive oxygen species'® contributing to DNA
damage, genomic instability, and activation of stress-response pathways.” By minimizing oxygen fluctuations, normoxia
reduces oxidative stress burden and may limit the accumulation of mutations that favor malignant progression. In
experimental models, sustained normoxic conditions are associated with decreased ROS production and improved
mitochondrial function, supporting cellular metabolic stability.'

Importantly, restoration of normoxia has significant implications for antitumor immunity. Hypoxic signaling sup-
presses immune surveillance by impairing cytotoxic T lymphocyte and natural killer cell function while promoting
immune checkpoint expression within the tumor microenvironment. In contrast, normoxic conditions favor immune
effector cell activity, enhance antigen presentation, and reduce hypoxia-induced PD-L1 expression on tumor cells and
tumor-associated macrophages.'>'>*° These effects suggest that normoxia may indirectly potentiate immunotherapy by
restoring immune competence rather than directly targeting tumor cells.

Metabolic plasticity is another domain in which normoxia may exert protective effects. Hypoxia-driven metabolic
reprogramming toward aerobic glycolysis confers survival advantages to tumor cells and contributes to treatment
resistance. Restoration of physiological oxygen levels promotes oxidative phosphorylation, improves mitochondrial
efficiency, and reduces reliance on glycolytic pathways.?!** By attenuating metabolic stress and lactate accumulation,
normoxia may limit tumor invasiveness and reduce selection pressure for aggressive phenotypes.

Collectively, these biological effects indicate that normoxia acts as a systemic modulator capable of counterbalancing
hypoxia-driven oncogenic signaling. Rather than functioning as a direct anticancer therapy, restoration of physiological
normoxia may improve the host environment in which tumors develop and are treated, thereby enhancing responsiveness

to conventional anticancer modalities.

Sleep and Airway Interventions as Normoxia-Restoring Strategies

Given the central role of chronic intermittent hypoxia in driving hypoxia-dependent oncogenic pathways, interventions
aimed at restoring physiological normoxia—particularly during sleep—emerge as biologically plausible adjunctive
strategies in cancer care. Importantly, these approaches do not target tumor cells directly but act at the host level by
stabilizing oxygenation, reducing hypoxic burden, and modulating systemic physiological stressors that influence tumor
behavior.

Continuous positive airway pressure (CPAP) remains the gold standard treatment for obstructive sleep apnea and is
the most effective intervention for eliminating nocturnal oxygen desaturation.”* By preventing upper airway collapse,
CPAP abolishes intermittent hypoxia, reduces oxidative stress, and normalizes sympathetic activity.?**> Experimental
and clinical studies have shown that CPAP therapy attenuates HIF-1a activation, decreases systemic inflammation, and
improves endothelial function, thereby mitigating several biological processes implicated in cancer progression and
treatment resistance.?*’

Mandibular advancement devices (MADs) represent an alternative therapeutic option for patients with mild to
moderate sleep-disordered breathing or for those intolerant to CPAP. By advancing the mandible and enlarging the
upper airway, MADs improve nocturnal oxygenation and reduce hypoxic burden.”® Although their impact on cancer-
related outcomes has not been directly studied, their demonstrated efficacy in reducing intermittent hypoxia suggests
a potential role in modulating hypoxia-driven biological pathways.
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In selected patients, otorhinolaryngologic interventions aimed at improving upper airway patency may also contribute
to the restoration of physiological normoxia. Surgical or medical management of nasal obstruction, turbinate hypertro-
phy, septal deviation, oropharyngeal collapse, or adenotonsillar hypertrophy has been shown to reduce airflow limitation
and improve nocturnal oxygenation. Although these interventions are not cancer-directed therapies, their ability to
alleviate anatomical contributors to sleep-related hypoxia supports their inclusion within a multidisciplinary framework
focused on hypoxia normalization.*”*

Beyond mechanical airway stabilization, functional interventions targeting orofacial and respiratory physiology may
further contribute to normoxia restoration. Myofunctional therapy, speech therapy, and oropharyngeal exercises have
been shown to improve tongue posture, nasal breathing, and upper airway muscle tone, leading to reductions in sleep-
disordered breathing severity and nocturnal hypoxia.>'? These approaches are particularly relevant in individuals with
craniofacial growth alterations, maxillary deficiency, or ankyloglossia, where structural and functional factors converge
to impair airway patency.

Respiratory and postural physiotherapy may also play a complementary role by enhancing ventilatory mechanics,
thoracic mobility, and diaphragmatic function. Improved ventilation efficiency can reduce nocturnal hypoventilation and
oxygen fluctuations, further contributing to stable oxygenation during sleep.>® While evidence linking these interventions
directly to cancer outcomes is currently limited, their capacity to reduce systemic hypoxic stress supports their inclusion
within an integrative normoxia-restoration framework.

Collectively, sleep and airway interventions represent a spectrum of non-pharmacological strategies capable of
reducing chronic intermittent hypoxia and restoring physiological normoxia. When considered in the context of cancer
biology, these interventions may function as modulators of the tumor—host interaction, potentially enhancing the efficacy
of standard anticancer therapies by alleviating hypoxia-driven resistance mechanisms.

Clinical Implications and Future Directions

The recognition of chronic intermittent hypoxia as a modifiable contributor to cancer progression and treatment
resistance carries important clinical implications. Rather than positioning normoxia restoration as a standalone anticancer
therapy, the evidence reviewed here supports its potential role as an adjuvant strategy aimed at optimizing the biological
context in which conventional oncologic treatments are delivered. Importantly, normoxia-restoring interventions should
not be interpreted as direct anticancer therapies, but as adjunctive measures intended to optimize the physiological
environment in which standard oncologic treatments are delivered.

One of the most relevant clinical implications relates to treatment responsiveness. Hypoxia is a well-established
determinant of resistance to chemotherapy, radiotherapy, and immunotherapy. By reducing nocturnal hypoxic burden,
interventions that restore physiological normoxia may enhance oxygen-dependent radiosensitivity, improve drug-induced
cytotoxicity, and facilitate antitumor immune responses. This host-centered approach aligns with the growing emphasis
on precision oncology, where modifiable systemic factors are increasingly recognized as determinants of treatment
efficacy.®*

From a translational perspective, sleep-related breathing disorders represent an underdiagnosed and potentially
actionable source of systemic hypoxia in cancer patients.*> Routine screening for sleep-disordered breathing, particularly
in individuals with head and neck, colorectal, breast, and lung cancers, could identify patients at risk of sustained
nocturnal hypoxia. In such cases, implementation of airway and sleep interventions may help stabilize oxygenation and
reduce hypoxia-driven signaling during critical periods of tumor growth and therapeutic exposure.*®*’

The concept of hypoxic burden—rather than isolated hypoxic events—emerges as a promising biomarker for risk
stratification and therapeutic monitoring.®® Metrics integrating the depth, duration, and frequency of oxygen desaturation
episodes may provide a more accurate reflection of biologically relevant hypoxic stress than conventional indices such as
apnea—hypopnea index alone. Incorporating hypoxic burden into oncologic assessment could facilitate personalized
intervention strategies and improve outcome prediction.>”

In sleep medicine, commonly used metrics of nocturnal hypoxic burden include the cumulative time spent below 90%
oxygen saturation (T90) and the oxygen desaturation index (ODI), which quantify the duration and frequency of oxygen
desaturation events during sleep and provide clinically meaningful measures of systemic intermittent hypoxia.
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Importantly, restoration of normoxia may also influence treatment tolerance and quality of life. Improved sleep
quality, reduced sympathetic activation, and enhanced cardiopulmonary function associated with effective management
of sleep-related hypoxia may increase patients’ capacity to tolerate intensive anticancer therapies. These benefits, while
indirect, may contribute meaningfully to overall treatment success and patient-centered outcomes.*~’

Despite these promising implications, several limitations must be acknowledged. Direct clinical evidence linking
normoxia-restoring interventions to improved cancer survival remains limited, and most available data are derived from
experimental models or observational studies. Prospective clinical trials specifically designed to evaluate the impact of
hypoxia normalization on oncologic outcomes are needed. Such studies should incorporate objective measures of
nocturnal oxygenation, treatment response, immune function, and long-term survival.

Future research should also explore optimal timing, duration, and patient selection for normoxia-restoring interven-
tions. Given the circadian modulation of immune and metabolic pathways, targeting nocturnal hypoxia may prove
particularly relevant. Multidisciplinary collaboration between oncologists, sleep specialists, pulmonologists, and dental
professionals will be essential to translate this integrative framework into clinical practice.

Limitations

Several limitations of the present narrative review should be acknowledged. First, although substantial experimental and
translational evidence supports the role of chronic intermittent hypoxia in cancer biology, direct clinical trials evaluating
the impact of normoxia-restoring interventions on cancer outcomes remain scarce. Most available data are derived from
preclinical models, observational studies, or indirect clinical associations, which limits causal inference.

Second, the assessment of physiological normoxia remains challenging. Conventional measures such as peripheral
oxygen saturation do not fully capture tissue-level oxygenation or temporal hypoxic burden, particularly during sleep.
Standardized and clinically accessible biomarkers capable of quantifying biologically relevant hypoxia are still under
development.

Third, heterogeneity in cancer types, stages, and treatments complicates the generalization of findings. The extent to
which normoxia restoration may influence tumor behavior likely varies across malignancies and patient populations.
Additionally, excessive oxygen supplementation carries potential risks, underscoring the importance of distinguishing
physiological normoxia from hyperoxia.

Finally, sleep-related breathing disorders are frequently underdiagnosed in oncologic populations. Without systematic
screening, the contribution of nocturnal hypoxia to cancer progression and treatment resistance may be underestimated,
limiting opportunities for timely intervention.

Conclusions

Hypoxia is a central driver of cancer progression, therapeutic resistance, and immune evasion. While hypoxia has
traditionally been considered an intrinsic feature of the tumor microenvironment, growing evidence indicates that chronic
intermittent hypoxia—particularly during sleep—represents a systemic and potentially modifiable contributor to onco-
genic signaling.

This narrative review proposes that restoration of physiological normoxia, especially nocturnal normoxia, may
attenuate hypoxia-driven cancer biology and enhance the efficacy of standard anticancer therapies. Rather than acting
as a direct antitumor treatment, normoxia restoration should be viewed as an adjuvant strategy aimed at optimizing the
host environment in which cancer develops and is treated.

Sleep and airway interventions such as continuous positive airway pressure, mandibular advancement devices,
myofunctional therapy, and respiratory physiotherapy offer practical means to reduce hypoxic burden and stabilize
oxygenation. Integrating these approaches into multidisciplinary cancer care pathways may represent a novel and
clinically relevant avenue for improving treatment outcomes.

Future prospective studies incorporating objective measures of hypoxic burden, immune function, and treatment
response are needed to validate this integrative framework. By reframing oxygenation as a dynamic, circadian-modulated
determinant of cancer behavior, this work highlights normoxia restoration as a promising and underexplored dimension
of precision oncology.
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