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Hypoxic adaptation theory of
cancer
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For more than 70 years, the somatic mutation theory (SMT) has dominated cancer
biology, conceptualizing carcinogenesis as the cumulative consequence of
genetic mutations, However, expanding molecular and microenvironmental
evidence reveals important limitations in this mutation-centric framework. The
Hypoxic Adaptation Theory (HAT) reframes carcinogenesis not as a purely
mutation-driven process, but as the maladaptive culmination of chronic
cellular hypoxia. HAT integrates with SMT by situating mutagenesis within a
microenvironmental and evolutionary context rather than opposing it,
positioning sustained oxygen deprivation as a primary upstream driver of
genomic instability  and malignant transformation. Carcinogenic
exposures—whether physical, chemical, or biological—not only induce direct
DNA damage but also converge on a shared pathogenic pathway characterized by
cellular injury, chronic inflammation, microvascular disruption, and impaired
oxygen delivery. Persistent hypoxia stabilizes hypoxia-inducible factor (HIF),
initiating  metabolic  reprogramming  toward  glycolysis, pathological
angiogenesis, and enhancing cellular plasticity. These adaptive responses may
drive phenotypic transitions from hyperplasia to metaplasia, dysplasia, and
ultimately neoplasia. Concurrently, chronic hypoxia imposes significant
epigenetic pressure, remodeling chromatin accessibility, suppressing DNA
repair pathways, and reprogramming transcriptional networks that support
survival under low-oxygen conditions. Although initially protective, prolonged
HIF activation progressively destabilizes genomic integrity, fosters mutational
retention, and reinforces oncogenic behavior. Importantly, HAT situates cancer
within a broader continuum of hypoxia-driven chronic diseases, encompassing
cardiovascular, metabolic, neurodegenerative, and inflammatory disorders. By
shifting emphasis from random mutation to chronic hypoxic stress, HAT offers a
unifying model of disease pathogenesis and identifies oxygen homeostasis as
both a central biological vulnerability and a promising therapeutic target.
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Introduction

The somatic mutation theory of cancer, first introduced in 1914 by zoologist Theodor
Boveri, remains the dominant paradigm of carcinogenesis. In his seminal work, Boveri
postulated that cancer was fundamentally a unicellular phenomenon arising from
chromosomal abnormalities (Soto and Sonnenschein, 2014). With major advances in
molecular biology in the second half of the twentieth century—including the discovery
of oncogenes and tumor suppressor genes—this framework was reinforced, promoting a
reductionist view that directly linked genotype and phenotype (Sonnenschein and
Soto, 2020).
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While substantial evidence supports the presence of driver
mutations in tumors, their role in carcinogenesis is often
overstated (Martinez-Jiménez et al, 2020). Although numerous
cancer-associated genes have been identified, some malignancies
show no detectable mutations in nuclear DNA, and many mutated
genes never progress to cancer. Moreover, a significant proportion
of mutations appear only after malignant transformation, suggesting
they may be consequences of the cancerous state rather than its
primary cause (Seyfried et al., 2025).

As early as 1863, long before the molecular era, Rudolph
Virchow proposed a connection between inflammation and
cancer, asserting that “chronic irritation” underlies cancer
development. Though largely speculative at the time, modern
research has validated his insight: chronic inflammation is now
recognized as a fundamental driver of both disease and
tumorigenesis (Singh et al., 2019).

In 2000, Hanahan and Weinberg, articulated six hallmarks of
cancer: sustaining proliferative signaling, evading growth
suppressors, resisting cell death, enabling replicative immortality,
inducing angiogenesis, and activating invasion and metastasis
(Hanahan and Weinberg, 2000) —each underpinned by genomic
instability. In 2011, they expanded this framework to include two
additional hallmarks: metabolic reprogramming and immune
evasion, underscoring the importance of an unstable
microenvironment (Hanahan and Weinberg Robert, 2011).

While driver mutations can arise in both normoxic and hypoxic
cells, and many non-hypermutated cancers exhibit conserved
mutational spectra that do not require low oxygen to emerge,
that
conditions—particularly chronic hypoxia—play a much greater

role in cancer initiation than previously appreciated. Sustained

accumulating evidence suggests unfavorable

oxygen deprivation imposes intense genomic and epigenomic
pressure that can destabilize DNA integrity and, over time,
facilitate the accumulation and retention of mutations. In this
contexts, malignant transformation may represent a biological
tradeoff: short-term cellular survival at the expense of long-
term genomic stability. Hypoxia activates adaptive programs
that promote metabolic flexibility and survival but simultaneously
suppress DNA repair capacity, enhance phenotypic plasticity,
and progressively erode genomic fidelity. These observations
position chronic hypoxia as a potential upstream driver of
carcinogenesis within, rather than outside, the broader mutation-
based framework.

Hypoxia and chronic inflammation

When a foreign invader or toxins enter the body—whether from
trauma, microbial invasion, or a noxious substance—tissue damage
occurs. The immune system responds with acute inflammation.
Once the threat is neutralized, healing begins. However, if the
offending agent is not fully eliminated, inflammation can persist
and become chronic. Unlike acute inflammation, chronic
inflammation is prolonged and often driven by unresolved
infection or ongoing immune activation. Chronic inflammation is
slow, long-term process that can last months to years. It is sustained
by a persistent triggering agent that keeps the immune system

activated. Common causes include.
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1. Failure to eliminate the initial cause of acute inflammation.

2. Ongoing exposure to a low level of an irritant or foreign
material that cannot be cleared.

3. Autoimmune disorders where the immune system mistakenly
attacks healthy tissues.

4. Defects in inflammatory response that lead to persistent or
recurrent inflammation.

5. Repeated episodes of acute inflammation.

6. Oxidative  stress and  mitochondrial
(Pahwa et al.,2023).

dysfunction

Chronic inflammation is a defense mechanism evolved to
preserve cellular integrity. Without it, cells under persistent stress
or irritation would be overwhelmed and fail. The body is compelled
to react to virtually any sustained irritant—whether physical,
chemical, or biological. Regardless of the source—be it toxins,
viruses, or bacteria—the immune system responds in a similar
way, aiming to contain the threat and restore tissue function.

During acute inflammation, vasodilation and increased vascular
permeability cause redness, swelling, and enhanced blood flow,
facilitating elimination of the offending agent. By contrast,
chronic inflammation is characterized by reduced blood flow and
impaired tissue perfusion. While it signals an unresolved problem, it
also represents a survival mechanism, enabling cells to endure when
immediate resolution is unattainable. Despite its long-term costs,
chronic inflammation prioritizes survival in the body’s hierarchy of
responses (Kiss, 2022).

Chronic inflammation drives profound structural and
functional alterations across the vascular network, from large
arteries to arterioles, capillaries, and venules. Immune cell
infiltration and cellular debris can obstruct the blood flow, while
endothelial injury increases vascular permeability and disrupts
cytokines
rarefaction and

hemodynamic  balance.  Inflammatory induce

vasoconstriction and capillary activated
neutrophils release ROS that exacerbate endothelial damage
(Pober and Sessa, 2014). Reduced endothelium-dependent nitric
(NO) further

compromising flow. Concurrently, rising blood viscosity,

oxide bioavailability =~ impairs  vasodilation,
diminished blood cell deformability, and leukocyte activation
decrease fluidity. Fibrosis and extracellular matrix deposition
replace compliant tissue with rigid, nonfunctional scar. Platelet
hyperactivity adds to the risk of microvascular thrombosis, while
pro-inflammatory mediators perpetuate clot formation and delay
resolution. Compensatory angiogenesis, though initiated to restore
oxygenation, paradoxically prolongs and intensifies the
inflammatory cascade (Granger and Senchenkova, 2010; Kim and
Lee, 2025; Afsar et al, 2018). Collectively, these vascular and
rheological disturbances impair oxyhemoglobin transport, restrict

perfusion, and culminate in tissue hypoxia.

Hypoxia and hypoxia inducible factor
(I—Ylilg)langiogenesis

As oxygen levels drop, cells transition into survival mode.
built-in

mechanism called hypoxia inducible factor (HIF). Under hypoxic

Mammalian cells depend on a oxygen-sensing

conditions, HIF-1a is stabilized in the cytoplasm, translocates to the
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nucleus, and binds to HIF-1p. This heterodimeric protein complex
acts as a transcription factor, altering the expression of over
150 genes. As a result, energy metabolism shifts to glycolysis,
glucose uptake increases, and vascular endothelial growth factor
(VEGF) is activated, promoting angiogenesis (McGettrick and
O’neill, 2020; Semenza, 2002).

The nature of angiogenesis is deeply shaped by the surrounding
cellular environment. Although both physiological and pathological
angiogenesis are initiated by hypoxia and accompanying oxygen
gradients, their diverge sharply. In physiological
contexts—such as fetal development, tissue growth, wound

outcomes

healing, endometrial proliferation during ovulation, and skeletal

muscle adaptation during exercise—oxygen  consumption
transiently exceeds supply, producing localized hypoxia within an
otherwise stable oxygen environment. This controlled hypoxic
stimulus promotes the development of well-organized, functionally
efficient vascular network, characterized by orderly branching of
arterioles, capillaries, and venules (Dudley and Griffioen, 2023).

By contrast, chronic inflammation produces a profound and
persistent oxygen deficit. The angiogenesis that follows is markedly
abnormal: vessels are haphazard, dilated, and leaky, lacking the
hierarchical architecture of normal vasculature. Despite their
abundance, blood flow remains erratic, and tissue hypoxia
persists. Microvascular disruption compromises the capillary-
tissue interface essential for oxygen exchange, while the widened
oxyhemoglobin diffusion distance further limits oxygen delivery
(Guven et al., 2020; Roy and Secomb, 2020).

In cancer and other pathological states, angiogenesis is rampant
yet profoundly dysfunctional. The resulting vascular networks are
spatially disorganized, forming maze-like labyrinth characterized by
tortuous architecture, irregular caliber, and even retrograde blood
flow. Although these aberrant vessels fail to restore adequate tissue
oxygenation, they nonetheless permit diffusive transport of
nutrients. Cancer cells exploit this limitation by upregulating
solute carrier (SLC) transporters—including GLUTI1, SGLT,
LAT1, MCTs and FATP—thereby facilitating the uptake of

glucose, amino acids, fatty acids, and other metabolites, even

against steep concentration gradients. This metabolic
reprogramming  sustains the heightened energetic and
biosynthetic demands of tumor cells, enabling continued

proliferation within chronically hypoxic environments (Zhao
et al,, 2015; Pliska and Szablewki, 2021). However, the chaotic
vascular architecture severely disrupts normal hemodynamics,
impairing the efficient transit of red blood cells and immune
effector cells. The resulting hypoxic and immunosuppressive
further ~ compromises
surveillance and function. Paradoxically, cancer cells thus remain

tumor  microenvironment immune
metabolically well supplied yet persistently oxygen-deprived, while
simultaneously shielded from immune detection—conditions that
collectively foster tumor progression and malignancy (Adekola

et al., 2012; Hu et al., 2022).

Hypoxia and epigenome

Phenotypic alterations can arise in cells independently of DNA
sequence changes through epigenetic mechanisms. These heritable
modifications, established during development and differentiation,
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include DNA methylation, post-translational histone modifications,
and microRNA-mediated
Epigenomic pathways play a central role in cancer initiation,

regulation of gene expression.
particularly under adverse environmental conditions. Among
these stressors, persistent hypoxia emerges as a dominant driver
of epigenetic reprogramming. Chronic hypoxic exposure reshapes
transcriptional  landscapes through coordinated epigenetic
regulation, effectively rewiring cellular programs to promote
survival and adaptation. Over time, sustained reprogramming can
impose long-lasting developmental constraints that predispose cells
to malignant transformation (Almalki, 2025).

Hypoxia exerts many of its epigenetic effects through HIF-
mediated modulation of hypoxia-responsive genes, primarily by
altering chromatin structure and accessibility. This regulation is
tightly linked to oxygen-dependent chromatin-modifying enzymes,
including prolyl hydroxylases and multiple histone-modifying
complexes. Under hypoxic conditions, histone methyltransferases
and demethylases dynamically remodel histone methylation
patterns, resulting in chromatin reorganization that either relaxes
or condenses chromatin and thereby modulates transcriptional
activity. Histone acetylation and deacetylation, mediated by
histone acetyltransferases and histone deacetylases (HDACs),
Further regulate transcriptional output. Histone acetylation
generally promotes an open chromatin state conducive to gene
HDAC activity

condensation and transcriptional repression. HDAC-mediated

expression, whereas reinforces chromatin
silencing can suppress key regulatory genes such as TP53, VHL
(Von-Hippel-Lindau), and RECK (reversion-inducing cysteine-rich
protein with Kazal motifs), while concurrently enhancing HIF-1a
stability and amplifying hypoxia-adaptive signaling pathways (Kim
et al., 2022).

In parallel, hypoxia profoundly reshapes DNA methylation
Through HIF-dependent
modulation of Ten-Eleven Translocation (TET) dioxygenases and
DNA methyltransferases (DNMTs), hypoxia can induce both global

hypomethylation and locus-specific hypermethylation at CpG sites.

landscapes across the genome.

Hypoxic exposure has been associated with increased expression
and activity of DNMT1 and DNMT3B, promoting maintenance and
de novo methylation, respectively, and leading to transcriptional
repression of targeted genes. These methylation alterations
frequently occur at promoter-associated CpG islands and
regulatory regions, where hypermethylation can silence tumor
suppressor genes, while global hypomethylation may contribute
to genomic instability and aberrant activation of oncogenic
TET oxygen- and
a-ketoglutarate-dependent  dioxygenases, oxygen

availability can directly impair their catalytic activity, further

pathways. ~ Because enzymes  are

reduced

skewing the balance toward methylation accumulation (D’Anna
et al., 2020; Verdikt and Thienpont, 2024).

Hypoxia also regulates gene expression at the post-transcriptional
level through microRNAs, particularly a subset known as hypoxamirs.
These noncoding RNAs fine-tune hypoxic responses by targeting
mRNAs involved in metabolism, angiogenesis, apoptosis, and cell-
cycle control, further reinforcing adaptive cellular phenotypes under
low-oxygen conditions (Egea, 2025).

At the chromatin level, hypoxia induces targeted remodeling
through histone-modifying enzymes that regulate methylation,
acetylation, phosphorylation,

ubiquitination, propionylation,
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crotonylation. Lysine-specific demethylases 1 (LSD1/KDM1A)
removes methyl groups from histone H3 lysine 4 (H3K4mel/2),
typically reducing chromatin accessibility and repressing
transcription. The histone methyltransferase G9a (EHMT2)
becomes stabilized under hypoxia, increasing H3K9 mono- and
demethylation (H3K9mel/2), which promotes transcriptional
silencing of specific genes, including HHEX, GATA2, and
ARNTL. Reptin (RUVBL2), when methylated, functions as a
transcriptional ~ corepressor, modulating hypoxia-responsive
pathways. HDACs further reinforce repression by inducing
H3K9 deacetylation and chromatin condensation. Members of
the Jumonji C (JmjC) domain-containing demethylase family,
such as KDM5A (JARID1A), are oxygen-dependent enzymes
whose catalytic activity diminishes under hypoxia. Reduced
KDM5A activity alters H3K4 trimethylation (H3K4me3)
dynamics, reshaping transcriptional regulation at hypoxia-
sensitive loci. Notably, hypoxia induces selective, locus-specific
histone methylation changes rather than uniform global
repression (Kim et al., 2022). In some cases, transient hypoxic
episodes permit epigenetic alterations to persist following
reoxygenation through the establishment of “hypoxic memory”.
This form of epigenetic memory is characterized by the retention
of bivalent chromatin domains—marked by the coexistence of
H3K4me3 (an active mark) and H3K27me3 (repressive mark)—
at specific genomic loci. Such bivalency maintains genes in a poised
but transcriptionally restrained state, preventing full restoration of
baseline gene expression after oxygen levels normalize. The result is
durable gene silencing or altered transcriptional responsiveness,
thereby stabilizing hypoxia-induced phenotypic reprogramming
beyond the initial stimulus (Prickaerts et al, 2016; Kwoun
et al., 2025).

Collectively, the epigenome functions as regulatory “software”
governing genomic expression, and epigenetic alterations can
phenocopy genetic mutations by silencing tumor suppressor
genes and activating oncogenes. Chronic hypoxia, acting through
sustained HIF

modifying enzymes, represents a major source of epigenetic

activation and oxygen-sensitive chromatin-
pressure that reshapes gene expression landscapes, redefines

cellular identity, survival adaptation, and contributes to

malignant phenotypes (Cricchi et al., 2025).

Hypoxia and energy metabolism

Energy production is fundamental to all living organisms,
particularly in mammals, where the scale and complexity of
cellular networks demand high energy output. Under normoxic
conditions, mammalian cells rely predominantly on oxidative
phosphorylation (OxPhos)—an oxygen-dependent process that
generates majority of cellular ATP. During hypoxia, OXPHOS
efficiency declines, leading to reduced ATP production. To
compensate, cells increase reliance on glycolysis, an oxygen-
independent pathway that generates ATP at substantially lower
efficiency (Rigoulet et al., 2020).

In most mammals, bioenergetic demand remains relatively
constant despite fluctuations in oxygen availability. Under
hypoxic stress, cells undergo epigenetic and transcriptional
reprogramming that enhances glucose uptake and glycolytic flux.
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Although this metabolic shift sustains ATP production, it requires
increased glucose consumption and promotes accumulation of
metabolic byproducts, contributing to acidosis, oxidative stress,
and inflammatory signaling (Sun et al., 2025). By contrast naked
mole-rat (NMR) exhibits a remarkable capacity to downregulate
metabolic demand in proportion to oxygen availability—an
evolutionary adaptation to its chronically hypoxic subterranean
environment. During sustained low-oxygen exposure, NMR cells
enter a hypometabolic state, suppressing nonessential cellular
processes and reducing overall ATP demand rather than
This
restraint limits the accumulation of toxic metabolites and

compensating through glycolytic overdrive. metabolic
preserves cellular integrity. In addition, NMRs display attenuated
inflammatory responses to chemical and environmental stressors, in
sharp contrast to the self-amplifying inflammatory cycles observed
in hypoxia-sensitive species (Kadamani et al., 2024). Together with
the production of ultra-high-molecular-weight hyaluronic acid,
stringent cell-cycle control, and highly efficient DNA repair
mechanisms, these adaptations contribute to their extraordinary
longevity—up to tenfold longer than similarly sized rodents
(Seluanov et al., 2018).

Notably, NMR’s paradoxically exhibit significantly higher basal
expression of HIF-1a and VEGF compared with hypoxia-sensitive
mice. Unlike mice, NMRs stabilize HIF-1a even under normoxic
conditions by limiting its ubiquitination and proteasomal
despite  elevated HIF-1la
downstream hypoxia-responsive target genes remain largely

degradation. However, levels,
downregulated. This partial uncoupling of HIF stabilization from
full transcriptional activation appears to buffer NMRs from the
deleterious consequences of chronic HIF signaling, including
uncontrolled angiogenesis and metabolic dysregulation (Faulkes
et al., 2024).

Furthermore, hypoxia readily induces apoptosis in mouse cells
but not in NMR cells, underscoring their exceptional resilience to
oxygen deprivation (Xiao et al., 2017). This resistance is supported
by enhanced DNA damage surveillance and repair capacity. NMRs
exhibit adaptations in innate immune DNA-sensing pathways,
including cyclic GMP-AMP synthase (cGAS) signaling, which
facilitate efficient clearance of damaged DNA while limiting
inflammatory activation (Chen et al., 2025). In addition, recent
comparative study indicates that NMR-specific regulation of
chromatin-associated proteins contributes to their hypoxia
tolerance, for example, overexpression of histone H1.2 during
oxygen deprivation has been associated with early stabilization of
HIF while concurrently suppressing cancer cell migration and
invasion. This suggests a distinctive modulation of hypoxia
signaling that preserves adaptive responses without triggering
pro-oncogenic programs. Collectively, these mechanisms enable
NMRs to tolerate chronic hypoxia without engaging the
maladaptive metabolic, inflammatory, and angiogenic cascades
that predispose other mammals to disease and malignancy (Du
et al., 2024).

Hypoxia and chronic diseases

When hypoxia persists, cells mobilize adaptive survival
mechanisms mediated by HIF signaling. These adaptations often
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Schematic representation of cellular plasticity across a gradient of hypoxic stress and HIF activation. As hypoxia intensifies, adaptive cellular
responses typically progress from hyperplasia to metaplasia, dysplasia, and ultimately neoplasia. In certain contexts, severe or prolonged hypoxia may
drive direct transition to dysplasia or neoplasia, bypassing intermediate stages. Hyperplastic, metaplastic, and early dysplastic states are potentially
reversible upon restoration of oxygen homeostasis, whereas late dysplastic and neoplastic transformations are considered irreversible. Hyperplasia

and metaplasia correspond to chronic disease states, while dysplasia and neoplasia represent precancerous and malignant conditions. Conceptually,
chronic hypoxia imposes adaptive genomic and epigenomic pressures that drive malignant transformation.

unfold along a continuum of structural and phenotypic changes,
beginning with hyperplasia, advancing to metaplasia and dysplasia,
and ultimately neoplasia (Figure 1) (Stancu et al., 2007). Disease may
therefore be conceptualized as a spectrum, ranging from
homeostasis to malignancy. Along this continuum, cells
experience sustained selective pressures, with the genotype
best suited to the

microenvironment. Among these pressures, oxygen availability is

expressing  phenotypes prevailing
a dominant determinant, exerting broad control over cellular
behavior, gene expression, and tissue architecture. Acting as the
central oxygen sensor, HIF regulates the expression of more than 2%
of human genes and functions as a molecular messenger,
orchestrating transcriptional, metabolic, and structural adaptation
to hypoxic stress (Hu et al., 2023).

Chronic inflammation is a common precursor to myriad of
acquired chronic diseases. Cardiovascular disease, metabolic
disorders, neurodegenerative diseases, and cancer all share a
unifying feature: cellular hypoxia plays a central role in both the
initiation and progression of these disease processes (Hypoxic
Adaptation Theory of disease) (Kwan et al., 2023).

Cardiovascular disease (CVD)

CVD encompasses conditions such as hypertension, heart
disease, peripheral vascular disease, stroke, and myocardial
infarction. Its pathology often begins with vascular inflammation,
which initiates endothelial dysfunction, lipid deposition, plaque
formation, ultimately leading to fibrosis and calcification. These
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structural changes narrow vessel lumen, reduce vascular elasticity,
and impair blood flow—significantly increasing the risk of adverse
cardiovascular events.

Persistent inflammation thickens the intima and damages the
vasa vasorum, producing localized hypoxia within the vascular
smooth muscle cells (VSMCs). In response, VSMCs undergo
hyperplastic  transformation, contributing to vessel wall
thickening and early atherosclerotic change. With continued
insult, metaplastic changes emerge, marking the progression of
the disease. Hypoxia and HIF is central to this process, driving
VSMC plasticity and shifting cells from a contractile, quiescent
phenotype to a synthetic, proliferative, and migratory state. HIF
orchestrates much of this adaptive response while inducing
pathological angiogenesis that exacerbates vascular remodeling

and accelerates disease progression (Sorokin et al., 2020).
Metabolic disease

Hyperglycemia induces inflammation and cellular hypoxia due
to nutrient overload and elevated inflammatory mediators.
Pancreatic beta cells are highly metabolic and rely on a steady
oxygen supply. Persistent hypoxia severely impairs their function.
HIF activation and pathological angiogenesis contribute significantly
to beta cell damage. In response, the body attempts to regenerate beta
cells through phenotypic changes in neighboring cells—such as
alpha, ductal, acinar cells, and even hepatocytes. Over time, this
compensatory mechanism leads to cellular exhaustion, beta cell
burnout, and the eventual onset of diabetes (Liu et al., 2020).
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Rheumatoid arthritis (RA) and
osteoarthritis (OA)

OA is a degenerative joint disease, while RA is an autoimmune
disorder primarily targeting the synovial joints. Despite their
distinct origins, both share a common inflammatory and
hypoxic microenvironment. In RA and OA, disease activity
centers within the synovium, where persistent hypoxia and HIF
pathway activation drive inflammatory signaling, cellular
plasticity, and pathological angiogenesis. The sustained oxygen
deficit perpetuates synovial inflammation, disrupts cartilage
homeostasis, and leads to progressive cartilage degradation and
joint destruction (Du et al., 2024; Cutolo et al., 2025; Varela-Eirin

et al., 2018).
Age-related macular degeneration (AMD)

AMD is the leading cause of vision loss in the elderly. It results
from progressive damage to the macula—the central part of the
retina responsible for sharp vision. The retina contains some of
the most metabolically active cells in the body, requiring a
constant and abundant oxygen supply to maintain function
(Yu et al, 2011). In AMD, chronic inflammation plays a
central role, leading to retinal hypoxia and triggering
pathological angiogenesis. Prolonged hypoxia unleashes an
adaptive response, activating HIF, upregulating VEGF, and
shifting metabolism toward glycolysis. However, HIF-induced
angiogenesis results in structurally abnormal, fragile blood
vessels that are prone to leakage. Retinal cells are trapped in
a vicious cycle of fluctuating hypoxia and pathological
vessel growth, with oxygen levels progressively declining
over time. As the disease advances, the chronic hypoxic state
ultimately results in the destruction of retinal cells (Lee

et al., 2024).
Neurodegenerative diseases

Alzheimer’s disease (AD) is the most common form of
dementia, primarily affecting the hippocampus and leading to
progressive memory loss. While its exact pathology remains
uncertain, it shares key features with other neurodegenerative
diseases (Parkinson’s, ALS, MS, Huntington’s disease)—namely,
diminished cerebral blood flow,

hypoxia, and neuronal cell death.

neuroinflammation, chronic
Microglia are resident macrophages in the brain, while
astrocytes—another type of glial cell—play a critical role in
health and regulating the
response  to

maintaining neuronal synaptic

environment.  In injury and  insult,
neuroinflammation and hypoxia follow, activating the HIF
pathway (Zhang et al., 2023). During this process, both microglia
and astrocytes may undergo phenotypic changes that have
detrimental effects, contributing to the development of
neurodegenerative diseases. Over time, hallmark features such as
amyloid plaques and tau tangles appear. The risk of AD is notably
higher in individuals with cardiovascular disease, as reduced
capillary density and microvascular injury impair cerebral
perfusion, further exacerbating neuronal damage (Wendimu and

Hooks, 2022; Kim et al., 2024).
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Hypoxia and reactive oxygen
species (ROS)

Reactive oxygen species (ROS) are highly unstable, oxygen-
containing molecules produced as byproducts of cellular
include radicals,
hydroperoxides, and singlet oxygen. While ROS can serve

metabolism.  They hydroxyl superoxide,
beneficial roles as signaling molecules, excessive accumulation
becomes destructive, inflicting oxidative damage to DNA,
proteins, and cell membranes. This oxidative stress contributes to
genetic instability and can trigger apoptosis (Bardaweel et al., 2018).
In mammalian cells, ROS are produced across multiple subcellular
compartments, including mitochondria, endoplasmic reticulum,
peroxisomes, lysosomes, cytoplasm, and the plasma membrane.
Under normal conditions, redox balance is maintained by
antioxidant systems such as superoxide dismutase, catalase, and
glutathione peroxidase. During sustained stress or chronic hypoxia,
these protective mechanisms become overwhelmed, tipping the
balance toward oxidative injury and disease progression (Jena
et al., 2023).

Paradoxically, hypoxia frequently enhances ROS production.
While acute hypoxia may transiently reduce ROS generation,
chronic hypoxia amplifies ROS output despite limited oxygen
availability. At the mitochondrial level. Hypoxia compromises
electron transfer efficiency within the electron transport chain,
particularly at complex IV, impairing radical neutralization.
Electrons leak upstream and react with residual oxygen, resulting
in excessive mitochondrial ROS generation—an effect that is further
exacerbated during hypoxia-reoxygenation (Tafani
et al., 2016).

Hypoxia-induced ROS play a central role in driving genomic
instability. Elevated ROS levels induce DNA strand breaks, oxidative
base lesions such as eight-oxo-guanine, and replication stress

cycles

characterized by stalled or collapsed replication forks. These
effects are especially pronounced during reoxygenation, when
sudden oxygen influx amplifies oxidative damage beyond the
capacity of DNA repair pathways (Wang et al., 2025).

ROS and hypoxia are also critical regulators of epithelial-
mesenchymal transition (EMT). A process that enhances cellular
motility, invasion, and stem-like behavior. ROS activate key
signaling pathways—including transforming growth factor-f
(TGEF-B), NF-«B (nuclear factor-kB), and GSK (glycogen synthase
kinase) signaling—thereby reinforcing transcriptional programs
associated with invasion and metastasis (Mendoza et al., 2025).

The HIF pathway is tightly coupled to ROS signaling.
Mitochondrial ROS act as secondary messengers that inhibit
prolyl hydroxylases (PHDs), stabilizing HIF-lo. and promoting
activation of hypoxia-responsive genes. In cancer, elevated ROS
levels—driven by altered metabolism, mitochondrial dysfunction,
and impaired antioxidant defenses—further amplify HIF signaling.
This feed-forward loop promotes pathological angiogenesis,
metabolic reprogramming, and immune evasion (Snyder and
Chandel, 2009).

Beyond genomic instability, hypoxia-induced ROS contribute to
tumor immune remodeling. HIF-dependent pathway facilitates
recruitment of immunosuppressive cell populations, including
(TAM)
suppressor cells, while reprogramming T-cell function and

tumor-associated macrophages and myeloid-derived
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remodeling the extracellular matrix to create physical and
immunologic barriers to immune surveillance.
hypoxia-ROS-HIF establish a
microenvironment that drives malignancy (Nakamura and
Takada, 2021).

Collectively,

interactions self-reinforcing

Hypoxia and Warburg effect (WE)

Otto Warburg first observed that cancer cells preferentially rely
on glycolysis rather than oxidative phosphorylation (OxPhos), even
in the presence of adequate oxygen—a phenomenon now known as
the “Warburg Effect” (WE). This metabolic reprogramming reflects
coordinated changes in gene expression and mitochondrial function
that prioritize rapid ATP production and biomass accumulation
over metabolic efficiency (Burns and Manda, 2017).

Although strongly associated with cancer, the WE is not unique
to malignancy. It also occurs in rapidly proliferating cells under both
physiological and pathological conditions, where HIF signaling
drives a transcriptional shift toward glycolytic metabolism
(Abdel-Haleem et al., 2017). Mechanistically, HIF-1o. suppresses
mitochondrial respiration by inducing pyruvate dehydrogenase
kinase-1 (PDK1), which inhibits pyruvate dehydrogenase and
blocks conversion of pyruvate to acetyl-CoA. As a result,
pyruvate is diverted away from the tricarboxylic acid cycle and
instead converted to lactate, regenerating NAD™" and sustaining high
glycolytic flux (Tang et al., 2025).

In physiological settings—such as immune activation, tissue
repair, and high-intensity exercise—the WE supports biosynthetic
demands and enables cells to maintain function during transient
stress or oxygen limitation. This metabolic flexibility allows for rapid
adaptation without long-term pathological consequences.

In contrast, in pathological states, persistent hypoxia stabilizes
HIF-1a, driving sustained epigenetic and transcriptional activation
of genes involved in glycolysis, survival, proliferation, and
angiogenesis. Although glycolysis yields less ATP per glucose
molecule than OxPhos, it produces ATP up to tenfold faster—an
advantage in environments with fluctuating or limited oxygen
availability (Kukurugya et al., 2024). Under chronic hypoxia, this
shift ensures a continuous energy supply while diverting glucose
intermediates into anabolic pathways that fuel rapid cell growth. In
cancer, this metabolic state becomes fixed, with cells relying
predominantly on glycolysis even when oxygen is sufficient
(Vaupel and Multhoff, 2021).

HIF-1a functions as a master regulator of glycolytic gene
expression and a central mediator of the Warburg phenotype.
Enhanced glycolysis generates moderate levels of ROS, which act
as signaling molecules that promote cell proliferation and survival.
Simultaneously, hypoxia induced alterations in mitochondrial redox
potential reshape ROS dynamics, linking metabolic flux to
transcriptional regulation (Zhong et al., 2022).

Elevated glycolytic activity also increases NADPH production,
supporting antioxidant systems such as glutathione regeneration
and buffering ROS generated under hypoxic conditions. This redox
control protects cancer cells from oxidative damage and apoptosis,
reinforcing survival in oxygen-deprived environments. Collectively,
these redox-dependent signals influence chromatin remodeling
through effects on histone acetylation, thereby modulating DNA
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repair capacity and gene expression programs (Pramono
et al., 2020).

Beyond intracellular effects, the WE profoundly reshapes the
tumor microenvironment. Cancer cells upregulate glucose
transporters such as GLUT1 to meet metabolic demand, while
excessive lactate production acidifies the extracellular space. This
acidic milieu suppresses immune surveillance, promotes
extracellular matrix remodeling, and facilitates invasion and

metastasis (Liberti and Locasale, 2016; Barba et al., 2024).

Hypoxia and carcinogens

Human carcinogens have been categorized according to ten
defining characteristics that collectively capture carcinogenic
potential: (1) electrophilicity or metabolic activation; (2)
genotoxicity; (3) disruption of DNA repair; (4) induction of
epigenetic alterations or genomic instability; (5) generation of
oxidative stress; (6) promotion of chronic inflammation; (7)
immunosuppression;  (8) activation of receptor-mediated
signaling pathways; (9) induction of cellular immortalization, and
(10) dysregulation of cell proliferation, cell death, and angiogenesis
(Smith et al., 2020). This framework underscores that carcinogenesis
is not solely the consequence of direct DNA damage but reflects a
broader spectrum of biological perturbation.

Notably, many of the same agents that drive chronic inflammatory
and degenerative diseases also function as carcinogens. More than
8,000 compounds have been classified as carcinogenic, including
1,400 confirmed or suspected human carcinogens. These agents
activate  pro-inflammatory, pro-tumorigenic
mediators—including TNF-a, IL-6, and NF-kB, and multiple
proto-oncogenes. Among these, NF-kB plays a central role in
while
simultaneously impair the resolution through immunosuppressive
effects (Nishida and Andoh, 2025; Korbecki et al., 2021). In

parallel, carcinogenic exposures frequently induce cyclooxygenase-2

pro-angiogenic,

sustaining  chronic  inflammation, many carcinogens

(COX-2) expression, further amplifying inflammation, angiogenesis,
and tumor promotion (Gandhi et al., 2017).

Although many carcinogens exert direct genotoxic
adduct

formation, cross-linking, and oxidative lesions that can generate

effects—through base modifications, strand breaks,
DNA damage—cells possess robust and highly coordinated repair
systems to preserve genomic integrity. These include mismatch
repair (MMR), nucleotide excision repair (NER). Base excision
repair (BER), homologous recombinant (HR), non-homologous
end-joining (NHE]), and translesion synthesis (TLS). Each
pathway operates at defined stages of the cell cycle to detect and
resolve DNA damage prior to completion of replication and
transcription, thereby maintaining genomic stability (Barnes et al.,
2018). Genotoxicity alone, however, is often insufficient to initiate
malignant transformation. When DNA repair pathways remain
intact and cell-cycle checkpoints are functional, most lesions are
corrected before replication fixation occurs, preventing mutation.
Thus, the oncogenic potential of carcinogens cannot be attributed
solely to their capacity to induce DNA damage.

Importantly, carcinogens also exert indirect, non-genotoxic
effects  that physiology. Many
precipitates chronic inflammation, microvascular injury, and

profoundly alter cellular
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Carcinogens induce both genotoxic and non-genotoxic injuries through distinct mechanisms; however, these divergent pathways ultimately
converge on chronic hypoxia and HIF activation. Over time, this maladaptive response suppresses DNA repair, induces genomic and epigenomic
alterations, activates oncogenic programs, inhibits tumor suppressors, erodes genomic stability, and drives malignant transformation.

tissue hypoxia, leading to sustained generation of ROS and oxidative
stress (Fishbein et al., 2020). These processes amplify inflammatory
signaling cascades, impair DNA repair capacity, destabilize genomic
maintenance mechanism, and remodel the epigenetic landscape.
Hypoxia, in particular, disrupts oxygen-dependent DNA repair
and chromatin  modifying further
compromising repair fidelity and altering gene expression
these establish a self-
perpetuating cycle of cellular injury, maladaptive repair, and

enzymes complexes,

programs. Together, mechanisms
phenotypic reprogramming (Kaplan and Glazer, 2019; Lee et al.,
2013). Carcinogens therefore promote mutagenesis not only
through direct DNA damage, but also through hypoxia-mediated
suppression of repair pathways, epigenetic dysregulation, and
microenvironmental remodeling (Figure 2). Even within the
framework of SMT, carcinogenic exposures are recognized as
powerful drivers of genomic instability that influence both cancer
initiation and progression. Carcinogens can be broadly classified
into physical, chemical, and biological categories.

Physical carcinogens include ionizing radiation and ultraviolet
(UV) rays. UV exposure induces DNA photoproducts and oxidative
damage that distort DNA structure; with chronic exposure, it also
provokes sustained inflammation, which is strongly associated with
skin carcinogenesis. Ionizing radiation damages DNA through
direct bond breakage and ROS-mediated oxidative injury. In
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addition, it injures the vasculature—causing endothelial damage,
vasculitis, and increased vascular permeability, particularly within
microvascular and medium-sized vessels. These injuries perpetuate
chronic inflammation and tissue hypoxia and are linked to
hematologic malignancies, such as leukemia, as well as multiple
solid tumors, through mechanisms that closely resemble those
triggered by chemical and biological carcinogens.

Chemical carcinogens—including asbestos, tobacco smoke,
alcohol, aflatoxin, arsenic, and related compounds—accumulate
in target tissues where they induce direct DNA damage through
adduct formation, strand breaks, and oxidative stress, while
simultaneously promoting persistent inflammation. Asbestos
causes chronic injury to the lung parenchyma and pleura,
markedly increasing the risk of mesothelioma and lung cancer.
Tobacco smoke induces widespread endothelial dysfunction,
driving systemic inflammation and elevating cancer risk not only
in the lungs but across multiple organ systems.

Biological carcinogens include oncogenic viruses, bacteria, and
parasites that generate oxidative stress and DNA base damage.
While acute infections may be cleared, persistent infections
sustain chronic inflammation and tissue injury. Hepatitis virus
can remain within the hepatocytes, producing prolonged
inflammatory damage that progresses through fibrosis and
cirrhosis to hepatocellular carcinoma. Human papilloma virus
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(HPV) induces chronic cervical inflammation, increasing the risk of
cervical cancer. Helicobacter pylori disrupt the gastric lining, leading
to chronic gastritis and a heightened risk of gastric adenocarcinoma
(Blackadar, 2016; Fernandes et al., 2015).

Regardless of their
infectious, or environmental—many carcinogenic

diverse origins—chemical, physical,
exposures
converge on a sustained inflammatory cascade that disrupts
tissue perfusion and impairs oxygen delivery. The resulting
hypoxic microenvironment fosters both the acquisition and
maintenance of the cancer stem cell (CSC) phenotype, in part
through the induction of epithelial-mesenchymal transition
(EMT). Within the niches, epigenetic reprogramming reshapes
gene expression profiles, selectively favoring the survival and
expansion of cells with stem-like properties. These CSCs possess
self-renewal capacity, heightened resistance to chemotherapy and
radiotherapy, and the ability to initiate and sustain tumor growth
(Pramono et al., 2020; Liberti and Locasale, 2016). Cellular hypoxia
stabilizes HIF, which imposes epigenetic pressure by remodeling
chromatin architecture and activating transcriptional programs that
support metabolic adaptation, cellular plasticity, and survival.
Concurrently, hypoxia compromises DNA repair pathways
impairing the repair fidelity and increasing genomic instability.
This reduced repair capacity not only accelerates mutational
accumulation but also facilitates phenotypic diversification.
Together, hypoxia-driven
defective DNA
et al., 2025).

epigenetic
reinforce malignant evolution (Liu

reprogramming and
repair

Hypoxic adaptation theory (HAT)

Oxygen plays a pivotal role in embryonic development,
regulating stem cell differentiation organogenesis, vasculogenesis,
and morphogenesis. During early fetal development, relatively low
oxygen tension helps preserve pluripotency, promotes proliferation,
and maintains the undifferentiated state (Simon and Keith, 2008). In
mature cells, oxygen exerts functions that extend beyond its role as
the terminal electron acceptor in the mitochondrial oxidative
phosphorylation; It also modulates intracellular signaling
pathways (Zhu and Bunn, 2001), transcriptional programs
(Semenza, 1996), immune responses, and apoptotic regulation.
Physiological oxygen tension at the cellular level typically ranges
from approximately 2%-10%, depending on tissue type and
metabolic demand (Tsiapalis et al., 2019). Highly metabolically
active tissues are particularly sensitive to reductions in oxygen
availability, whereas certain cell populations—most notably stem
and progenitor cells—reside and function optimally within a
hypoxic niche. Chronic hypoxia is often experimentally defined
as oxygen concentrations between ~0.1 and 3% sustained for
16-72 h or longer, although both the magnitude and duration of
hypoxia are highly tissue- and context dependent (Camuzi et al.,
2019). In response to oxygen deprivation, some cells undergo
apoptosis, engage adaptive phenotypic
reprogramming. These divergent outcomes reflect cell-specific

whereas  others
thresholds that govern pro-survival and pro-death signaling
pathways. The ultimate cellular response is determined by a
dynamic interplay between intrinsic factors—such as metabolic
state, mitochondrial capacity, and epigenetic configuration—and
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extrinsic cues, including oxygen tension, nutrient availability,
inflammatory mediators, and growth factor signaling. Stochastic
variability further influences these outcomes. Collectively, these
regulatory mechanisms ensure selective elimination of vulnerable
cells while preserving tissue integrity and homeostasis (Flushberg
and Sorger, 2015).

While mutations are often credited with activating proto-
oncogenes, epigenetic stressors—particularly hypoxia and HIF
signaling—can independently drive their expression. Chronic
hypoxia imposes profound selective pressure on cells, acting
through DNA  methylation,
microRNA
reprogram transcriptional networks, and progressively undermine

histone modifications, and

regulation to remodel chromatin architecture,
genomic stability (Tsai and Wu, 2014). Under hypoxic conditions,
oncogenic pathways such as KRAS (Kirsten rat sarcoma virus), and
MET (mesenchymal-epithelial transition factor) may become
VEGF

angiogenesis, resistance to apoptosis, enhanced invasiveness, and

upregulated,  promoting activation,  pathological
maintenance of cancer stem-like properties (Zeng et al, 2010;
Pennacchietti et al., 2003). Concurrently, hypoxia represses key
tumor suppressors—including p53, VHL, and RECK—through
mechanisms involving increased histone deacetylase (HDAC)
activity and HIF-dependent transcriptional control (Zhang et al.,
2021; Lee et al, 2010). Although low oxygen environments
commonly induce cell-cycle arrest, in certain physiological
contexts—such as stem cell niches and tissue repair—hypoxia
supports tightly regulated self-renewal and proliferation. In
cancer, however, this regulatory balance is subverted. Hypoxia
downregulates minichromosome maintenance (MCM) proteins,
impairing replication licensing and checkpoint control, disrupting
contact inhibition, and facilitating HIF-1-driven cell-cycle
progression. This erosion of replication fidelity and checkpoint
restraint promotes uncontrolled proliferation, a defining hallmark
of malignancy. In contrast, restoration of adequate oxygen often
attenuates these malignant behaviors (Muz et al., 2015; Yadav and
Polasek-Sedlackova, 2024; Hubbi and Semenza, 2015). Collectively,
these tumor

coordinated alterations—oncogene activation,

suppressor  repression, and dysregulation of cell-cycle
control—illustrate how HIF-1 orchestrates both genetic and
epigenetic reprogramming during cancer initiation and
progression. Substantial evidence indicates that many genetic
alterations observed in tumors are closely linked to HIF-1-
dependent transcriptional activity, underscoring its central role as
a master regulator of oncogenesis (Adamaki et al., 2012).
Environmental stressors—particularly chronic hypoxia—can
increase DNA replication errors and promote genomic instability.
Under physiological conditions, an elaborate and highly
coordinated network of DNA repair pathways and cell-cycle
checkpoints preserves genomic integrity. BER corrects small base
lesions arising from depurination, deamination, alkylation, and
oxidative damage. MMR resolves base-base mismatches and
NER

removes bulky, helix-distorting lesions, such as those induced by

insertion-deletion loops generated during replication.
ultraviolet radiation. DSBs and DNA interstrand crosslinks are
repaired primarily through HR and NHE]J, with HR providing
high-fidelity repair using a sister chromatid template (Chen et al.,
2024). Replication stress activates checkpoint pathways governed by
key regulatory kinases including PLK1, CHK1/CHK2, and WEEL,
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Chronic hypoxia and sustained HIF activation induce genomic damage and epigenetic stress, promoting oncogene expression while concurrently
repressing tumor suppressor genes and impairing DNA repair pathways. Collectively, these alterations destabilize genomic integrity and establish a

permissive cellular landscape for malignant transformation.

which coordinate cell-cycle arrest, DNA repair, or apoptosis to
prevent propagation of damaged DNA. Under sustained hypoxic
stress, coordinated repair fidelity can become compromised.
Downregulation of repair pathways and checkpoint adaptation
may permit damaged DNA to proceed through replication,
facilitating the retention and clonal dissemination of mutations
(Hasvold et al, 2016; Verma et al, 2019). Chronic hypoxia
DNA
replication fork stalling, promotes accumulation of DSB, and

suppresses multiple repair mechanisms, increases
alters post-translational modifications of DNA repair proteins.
Moreover, reoxygenation following prolonged hypoxia can
further intensify replication stress through bursts of ROS-
mediated damage (Tang et al., 2021).

BRCA1 and BRCA?2 are central to maintaining genomic stability
by orchestrating high-fidelity HR-mediated repair of DSBs.
Although germline BRCA mutations markedly increase cancer
risk by compromising DNA repair, redox homeostasis, chromatin
remodeling, and transcriptional regulation, such mutations alone
are not sufficient to initiate malignancy. Rather, chronic
sustained hypoxia  with
persistent HIF signaling—can suppress HR and shifts DSB repair
toward error-prone NHE] (Gorodetska et al., 2019; Altwerger et al.,

2023). Importantly, 90%-95% of breast cancers arise sporadically in

environmental  stress—particularly
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the absence of inherited BRCA mutations. Prolonged hypoxia can
epigenetically silence BRCA1 promoter through repressive histone
modifications, functionally mimicking BRCA deficiency and
reinforcing genomic instability (Lu et al., 2011).

Through coordinated transcriptional, translational, post-
translational, and epigenetic mechanisms, hypoxia activates
oncogenic programs, inhibits tumor suppressor function, and
progressively erodes DNA repair fidelity. These convergent effects
destabilize the genome and establish a permissive landscape for
malignant transformation (Figure 3).

Emerging experimental evidence, published in Nature,
demonstrates that driver mutations may not be strictly required
for tumor initiation. Transient epigenetic disruption—such as
transcriptional silencing mediated by Polycomb group (PcG)
proteins—has been shown to initiate tumorigenesis in the
absence of canonical driver mutations. Using a Drosophila model,
the authors showed that reversible depletion of PcG proteins was
sufficient to induce cancer, and notably, malignancy persisted even
after restoration of normal epigenetic regulation, indicating that a
temporary epigenetic insult can irreversibly reprogram cellular
identity and behavior (Parreno et al., 2024).

We therefore posit that chronic hypoxia, through sustained

activation of HIF signaling, frequently precedes and facilitates the
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accumulation and retention of genetic mutations. Prolonged oxygen
deprivation compromises cellular mechanisms that maintain
genomic integrity, resulting in progressive genomic instability.
Simultaneously, hypoxia activates HIF-dependent programs that
phenotypic
to metaplasia

drive sequential transitions—progressing  from

hyperplasia and dysplasia, and ultimately
culminating in malignant phenotype (Capp et al., 2024). Under
persistent environmental stress, retention of mutations may confer
selective survival advantages by enabling cells to bypass DNA repair
pathways and cell-cycle checkpoint controls (Khouzam et al., 2023).
Within this paradigm, carcinogenesis is re-envisioned not as a
purely stochastic process driven solely by random mutations, but
as an adaptive survival strategy mediated through coordinated
to

genomic and epigenomic reprogramming in

untenable environmental conditions.

response

Testable predictions and experimental
approaches

The (HAT)
experimentally testable predictions that distinguish it from

Hypoxic  Adaptation  Theory generates
mutation-centric models of carcinogenesis. If chronic hypoxia
functions as an upstream driver of malignant transformation,
then measurable hypoxic stress should precede or accompany
early phenotypic alterations and influence the trajectory of clonal
evolution. These predictions can be evaluated using established in
vivo and in vitro systems in which tissue oxygenation can be
experimentally manipulated and quantitatively assessed.

First, restoration or maintenance of tissue oxygenation during
early stages of chronic inflammation should attenuate or delay
progression from dysplasia to neoplasia. This prediction can be
of

carcinogenesis, such as the azoxymethane/dextran sodium sulfate

examined in validated models inflammation-associated
(AOM/DSS) model of colorectal cancer, where oxygenation can be
experimentally modulated during defined early disease windows.
Direct measurements of tissue hypoxia using established detection
oxygen
microelectrodes, ELISA, or imaging-based modalities—combined

approaches—such ~ as  hypoxia-sensitive ~ probes,
with histologic grading and molecular profiling would allow causal
relationships between oxygen availability and malignant progression
to be evaluated. In parallel, longitudinal sampling in organoid systems
maintained under precisely controlled oxygen conditions would
enable testing of whether hypoxia precedes or closely coincides
with the earliest emergence of clonally expanding populations, and
whether experimental prevention of hypoxia delays these events.
Second, if hypoxia drives epigenetic remodeling prior to fixed
genetic alterations, then early hypoxic exposure should induce
DNA

methylation patterns, and transcriptional programs before the

reproducible changes in chromatin accessibility,
accumulation of stable driver mutations. This can be tested using
time-course experiments in genetically stable epithelial models
exposed to graded hypoxic conditions, with serial whole-genome
sequencing, methylome profiling, and chromatin accessibility assays
to determine the temporal sequence of epigenetic and genetic
alterations. Finally. Time-resolved molecular and lineage-based
approaches can directly link oxygen availability to cellular

reprogramming during malignant evolution. Serial single-cell
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transcriptomic and chromatin accessibility profiling, combined
with hypoxia-responsive lineage-tracing systems, would permit
identification of hypoxia-associated cell-state transitions and
quantification of their contribution to dysplastic or malignant
populations over time. These analyses should be paired with
orthogonal assessments of tissue perfusion and oxygen tension to
directly correlate physiologic oxygen availability with evolving
cellular phenotypes and clonal architecture. Collectively, such
experimental strategies would allow HAT to be rigorously
evaluated, clarifying whether chronic hypoxia acts as an initiating
driver, an early permissive factor, or a downstream selective pressure
in carcinogenesis.

Conclusion

The Hypoxic Adaptation Theory (HAT) offers an integrative
framework that complements, rather than replaces, the Somatic
Mutation Theory (SMT). While genetic mutations remain central to
cancer biology, HAT proposes that chronic cellular hypoxia
functions as a primary upstream driver that precedes and
facilitates mutational accumulation. Persistent oxygen deprivation
activates evolutionarily conserved survival pathways—most notably
HIF stabilization, metabolic reprogramming toward glycolysis,
pathological angiogenesis, and enhanced cellular plasticity.
Although initially adaptive, these responses become maladaptive
under sustained stress. Prolonged hypoxia imposes cumulative
epigenetic, metabolic, and replicative strain, progressively
reshaping chromatin architecture, altering epigenomic landscape,
suppressing DNA repair fidelity, and destabilizing genomic
integrity. Within  this phenotypic  plasticity

increases, cancer stem-like traits are reinforced, and selective

environment,

pressures favor the emergence of resilient, therapy-resistant
clones. In this view, mutations are not purely stochastic initiating
but of

microenvironmental stress and adaptive remodeling.

events downstream consequences sustained

HAT therefore reframes carcinogenesis as the pathological
endpoint of chronic hypoxic adaptation—an evolutionary survival
program that, when persistently activated, drives malignant
transformation. This perspective integrates genomic instability,
epigenetic reprogramming, tumor microenvironment dynamics,
and metabolic reorganization into unified model. By positioning
hypoxia as a central organizing principle in tumor initiation and
progression, HAT opens new avenues for prevention, early
intervention, and therapeutic strategies aimed at correcting or
reversing the underlying hypoxic stress before irreversible

malignant evolution occurs.

Future perspective

Oxygen played a critical role in the evolution and diversification
(species and cell types) of mammals. Its abundance allowed
organisms to harness vast amounts of energy, supporting the rise
of larger and more complex animals. While oxygen enabled
it
dependence—every cell requires a steady, uninterrupted supply.
When oxygen is particularly in chronic

mammals to flourish, also created a profound

source tenuous,
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inflammation and disease, cells experience hypoxia that severely
impairs their function. Restoring oxygen is a key step in preserving
cellular integrity and maintaining health.

Exercise, an anti-inflammatory dietary pattern, stress reduction,
and smoking avoidance can support overall health and optimize
tissue oxygen delivery. However, when circulatory function is
compromised, cellular hypoxia becomes inevitable. Restoration of
oxygen availability can suppress HIF signaling and reverse hypoxia-
induced cellular maladaptations (Dudley and Griffioen, 2023).
Accordingly, these lifestyle interventions represent effective tools
for disease prevention.

Hyperbaric oxygen therapy (HBOT) increases the amount of
dissolved oxygen in plasma by delivering 100% oxygen at pressure
greater than atmospheric pressure (typically 2-3 atm absolute).
Under normobaric conditions, hemoglobin is already ~97%
saturated, therefore, the primary physiological effect of HBOT is
not increased hemoglobin saturation but a substantial rise in oxygen
dissolved directly in the plasma. This markedly elevates arterial
oxygen tension (paO,), enhances oxygen diffusion gradients, and
facilitates delivery into hypoxic or poorly perfused tissues. The
resulting increase in tissue oxygen partial pressure can promote
physiological angiogenesis, improve mitochondrial function, and
restore oxygen-dependent cellular processes. Clinical studies suggest
that HBOT may improve erectile dysfunction (ED) in selected
patients, particularly those with vasculogenic etiologies. Reported
improvements—approaching 80%-90% in some cohorts—have
been associated with enhanced microvascular perfusion of the
penile bed, with angiogenic changes observed on perfusion MRI.
These findings support the concept that reversing tissue hypoxia can
restore endothelial function and vascular integrity (Hadanny et al.,
2018). Because tumor hypoxia contributes to chemoresistance and
radioresistance, strategies that increase intratumoral oxygenation
may exert synergistic therapeutic effects. Hypoxic tumor regions
exhibit stabilization of HIFs, which drive angiogenesis, metabolic
reprogramming, stemness, and treatment resistance. By increasing
oxygen availability, HBOT can transiently reduce HIF stabilization,
enhance ROS generation during radiotherapy, and improve the
cytotoxic efficacy of certain chemotherapeutic agents. Preclinical
studies indicate that HBOT may reduce tumor hypoxia and cancer
stem-like phenotypes without directly promoting tumor
proliferation. However, HBOT must be used cautiously in
oncology. It is contraindicated with certain chemotherapeutic
agents associated with pulmonary toxicity—such as bleomycin,
doxorubicin, and other anthracyclines—because elevated oxygen
tensions may exacerbate oxidative lung injury and increase mortality
risk. When appropriately utilized, HBOT may function as an
adjuvant to radiotherapy, chemotherapy, or immunotherapy by
improving intratumoral oxygenation and enhancing immune cell
infiltration, though clinical evidence remains heterogeneous (Meng
et al., 2025; Yuen et al., 2023).

Oxygen microbubbles (OMBs) are nano-to microscale carriers
engineered to transport and deliver molecular oxygen to hypoxic
tissues. Each microbubble consists of a gaseous oxygen core
encapsulated within a stabilizing shell composed of lipids,
polymers, proteins, or surfactants. This shell confers structural
stability, prolongs circulation time, and enables controlled oxygen
release. Their small size and physicochemical properties allow them to
navigate compromised microvascular networks and deliver oxygen
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directly to regions with impaired perfusion. Preclinical animal studies
demonstrate that intravenous administration of OMBs enhances
tumor response when combined with radiotherapy. Improved
tumor oxygenation increases radiosensitivity by restoring oxygen-
dependent fixation of radiation-induced DNA damage. In murine
models, co-administration of OMBs with the chemotherapeutic agent
doxorubicin resulted in greater intratumoral drug accumulation
compared with chemotherapy alone. This effect was associated
with partial normalization of tumor vasculature, including
increased vascular maturity, reduced permeability and leakage, and
improved functional perfusion. Such findings suggest that transient

correction of hypoxia can modulate abnormal tumor
microenvironment and enhance therapeutic delivery (Ho et al,
2019). OMBs administered intravenously—and in some

experimental systems, enterally (Owen et al, 2021)—represent a
promising investigational platform for treating hypoxia-driven
pathologies. Unlike erythrocytes, which depend on intact vascular
flow for oxygen transport, OMBs may diffuse through or bypass
of
microvasculature. Once in proximity to hypoxic cells, oxygen is

regions compressed,  obstructed, or  dysfunctional
released and diffuses passively down its concentration gradient,
restoring local tissue oxygen tension. Elevated oxygen availability
can suppress HIF signaling, attenuate maladaptive angiogenic
responses, and promote vascular normalization. As microvascular
architecture stabilizes and perfusion improves, endogenous
hemoglobin-mediated oxygen delivery may progressively resume.
Beyond their therapeutic potential, OMBs provide a valuable
experimental platform to interrogate the role of hypoxia in disease
pathogenesis. In the context of the Hypoxic Adaptation Theory
(HAT), OMB:s offer a controlled method to reverse tissue hypoxia
and evaluate whether correction of oxygen deficits alters epigenetic
reprogramming, genomic instability, treatment resistance, or
malignant progression. However, their broader clinical translation
requires rigorous evaluation of pharmacokinetics, biodistribution,
shell stability, oxygen-release dynamics, immunogenicity, and long-

term safety.

Limitation

The Hypoxic Adaptation Theory of cancer (HAT) is presented as
a conceptual framework rather than a definitive causal model of
carcinogenesis, and several limitations warrant consideration. First,
much of the supporting evidence is associative. Although chronic
hypoxia is consistently linked to tumor initiation, progression, and
therapeutic resistance, it remains challenging to unequivocally
distinguish hypoxia as a primary initiating driver of malignant
transformation versus early permissive or reinforcing condition.
Establishing temporal causality in human tissues is inherently
difficult, and many observations derive from experimental or
correlative clinical studies. Second, HAT does not fully account
for cancers clearly initiated by strong, well defined genetic events.
For colorectal carcinoma demonstrates

example, relatively

predictable clonal expansion driven by sequential genetic
alterations. Pre-malignant conditions such as clonal hematopoiesis
and monoclonal gammopathy of undetermined significance further
illustrate that driver mutations can arise and expand prior to overt

malignancy (Fearon and Vogelstein, 1990; Jaiswal et al., 2014; Kyle
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et al., 2006). In addition, several hematologic malignancies are
characterized by dominating initiating genetic lesions, including
the Philadelphia chromosome and PML-RARA rearrangements in
acute promyelocytic leukemia (Deininger et al., 2000; de et al., 2010).
While such cases may appear to challenge HAT, genetic initiation
and hypoxia-driven adaptation are not mutually exclusive processes.
Driver mutations may arise and clonally expand in relatively
normoxic tissues, whereas hypoxia may operate in parallel or
downstream as a selective pressure that shapes tumor progression,
cellular plasticity, and therapeutic resistance (Semenza, 2012).
Importantly, genetically defined malignancies—particularly certain
hematologic cancers—may not fully represent the broader spectrum
of common solid tumors, which typically emerge through more
complex evolutionary trajectories involving dynamic interactions
between genetic alterations and the tissue microenvironment.
Third, the framework is largely synthetic, integrating existing
experimental, epidemiologic, and clinical observations rather than
providing direct prospective causal validation. HAT generates
testable hypotheses but rigorous longitudinal, mechanistic, and
interventional studies to clarify whether hypoxia is sufficient,
necessary, or context-dependent in tumor initiation. Finally,
therapeutic implications related to oxygen modulation must be
interpreted cautiously. Oxygen delivery may exert context-
dependent effects, including exacerbation of oxidative stress or
unintended stimulation of tumor metabolism. Cancer evolution is
inherently multi-axial, shaped by interacting genetic, epigenetic,
metabolic, mechanical, vascular, and immune-mediated selective
pressures beyond HIF signaling alone. Accordingly, HAT should
be viewed not as a replacement for mutation-based models, but as an
integrative framework emphasizing chronic hypoxic stress as a
central and potentially unifying contributor to carcinogenesis
(Bonnet and Walsh, 2005).

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.

References

Abdel-Haleem, A. M., Lewis, N. E., Jamshidi, N., Mineta, K., Gao, X., and Gojobori, T.
(2017). The emerging facets of non-cancerous warburg effect. Front. Endocrinol. 8, 279.
doi:10.3389/fendo.2017.00279

Adamaki, M., Georountzou, A., and Moschovi, M. (2012). Cancer and the cellular
response to hypoxia. Ped Ther. 3 (2), 1-21. doi:10.4172/2161-0665.51-002

Adekola, K., Rosen, S. T., and Shanmugam, M. (2012). Glucose transporters in cancer
metabolism. Curr. Opin. Oncol. 24 (6), 650-654. doi:10.1097/CCO.0b013e328356da72

Afsar, B., Afsar, R. E., Dagel, T., Kaya, E., Erus, S., Ortiz, A, et al. (2018). Capillary
rarefaction from kidney point of view. Clin. Kidney J. 11 (3), 295-301. doi:10.1093/ckj/
sfx133

Almalki, A. A. (2025). The role of epigenetics in cancer: from pathways to the clinic.
J. Fam. Med. Prim. Care 14 (8), 3104-3114. doi:10.4103/jfmpc.jfmpc_1287_24

Altwerger, G., Ghazrian, M., and Glazer, P. (2023). Harnessing the effects of hypoxia-like
inhibition on homology-directed DNA repair. Semin. Cancer Biol. 98, 11-18. doi:10.
1016/j.semcancer.2023.11.007

Barba, I, Carillo-Bosch, L., and Seoane, J. (2024). Targeting the warburg effect in cancer:
where do we stand? Int. J. Mol. Sci. 25 (6), 3142. doi:10.3390/ijms25063142

Bardaweel, S. A., Gul, M., Alzweiri, M., Ishaqat, A., Alsalamat, H. A., and Bashatwah, R.
M. (2018). Reactive oxygen species: the dual role in physiological and pathological

Frontiers in Cell and Developmental Biology

13

10.3389/fcell.2026.1731939

Author contributions

EK: Conceptualization, Investigation, Writing — original draft,
Writing — review and editing. JP: Investigation, Writing — original
draft, Writing — review and editing.

Funding

The author(s) declared that financial support was not received
for this work and/or its publication.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

conditions of the human body. Eurasian J. Med. 50 (3), 193-201. doi:10.5152/
eurasianjmed.2018.17397

Barnes, J. L., Zubair, M., Kaarthik, J., Poirier, M. C., and Martin, F. L. (2018).
Carcinogens and DNA damage. Biochem. Soc. Trans. 46 (5), 1213-1224. doi:10.
1042/BST20180519

Blackadar, C. B. (2016). Historical review of the causes of cancer. World J. Clan Oncol. 7
(1), 54-86. doi:10.5306/wjco.v7.i1.54

Bonnet, C. S., and Walsh, D. A. (2005). Osteoarthritis, angiogenesis and inflammation.
Rheumatology 44 (1), 7-16. doi:10.1093/rheumatology/keh344

Burns, J. S., and Manda, G. (2017). Metabolic pathways of the warburg effect in health
and disease: perspectives of choice, chain or chance. Int. . Mol. Sci. 18 (12), 2755. doi:10.
3390/jjms18122755

Camuzi, D., de Amorim, I. S. S., Ribeiro Pinto, L. F., Oliveira Trivilin, L.,
Mencalha, A. L., and Soares Lima, S. C. (2019). Regulation is in the air: the
relationship between hypoxia and epigenetics in cancer. Cells 8 (4), 300. doi:10.
3390/cells80400300

Capp, J. P., Aliaga, B., and Pancaldi, V. (2024). Evidence of epigenetic oncogenesis: a
turning point in cancer research. BioEssays. 47 (3), €202400183. doi:10.1002/bies.
202400183

frontiersin.org


https://doi.org/10.3389/fendo.2017.00279
https://doi.org/10.4172/2161-0665.S1-002
https://doi.org/10.1097/CCO.0b013e328356da72
https://doi.org/10.1093/ckj/sfx133
https://doi.org/10.1093/ckj/sfx133
https://doi.org/10.4103/jfmpc.jfmpc_1287_24
https://doi.org/10.1016/j.semcancer.2023.11.007
https://doi.org/10.1016/j.semcancer.2023.11.007
https://doi.org/10.3390/ijms25063142
https://doi.org/10.5152/eurasianjmed.2018.17397
https://doi.org/10.5152/eurasianjmed.2018.17397
https://doi.org/10.1042/BST20180519
https://doi.org/10.1042/BST20180519
https://doi.org/10.5306/wjco.v7.i1.54
https://doi.org/10.1093/rheumatology/keh344
https://doi.org/10.3390/jjms18122755
https://doi.org/10.3390/jjms18122755
https://doi.org/10.3390/cells80400300
https://doi.org/10.3390/cells80400300
https://doi.org/10.1002/bies.202400183
https://doi.org/10.1002/bies.202400183
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2026.1731939

Kwan and Park

Chen, J., Potlapalli, R, Quan, H., Chen, L., Xie, Y., Pouriyeh, S., et al. (2024). Exploring
DNA damage and repair mechanisms: a review with computational insights. Bio Tech.
13 (1), 3. doi:10.3390/biotech130100003

Chen, Y., Chen, Z., Wang, H., Cui, Z., Li, K.-L,, Song, Z., et al. (2025). A cGAS-Mediated
mechanism in naked mole rats potentiates DNA repair and delays aging. Science 390
(6769), eadp5056. doi:10.1126/scince.adp5056

Cricchi, E., Bertozzo, A., Minisini, M., and Brancolini, C. (2025). Genomic and
epigenomic plasticity in the hypoxic environment. MDPI DNA 5 (2), 22. doi:10.
3390/dna5020022

Cutolo, M., Soldano, S., Smith, V., Gotelli, E., and Hysa, E. (2025). Dynamic macrophage
phenotypes in autoimmune and inflammatory rheumatic diseases. Nat. Rev. Rheumatol.
21 (9), 546-565. doi:10.1038/s41584-025-01279-w

de Thé, H., and Chen, Z. (2010). Acute promyelocytic leukemia: novel
insights into the mechanisms of cure. Nat. Rev. Cancer 10 (11), 775-783. doi:10.
1038/nrc2943

Deininger, M. W., Goldman, J. M. and Melo, J. V. (2000). The molecular
biology of chronic myeloid leukemia. Blood 96 (10), 3343-3356. doi:10.1182/blood.
V96.10.3343

Du, J,, Liu, W,, Li, M., Li, Z,, Li, X, Dai, Y., et al. (2024). Comparative time-series multi-
omics analyses suggest H1.2 involvement in anoxic adaptations and cancer resistance.
PLos Biol. 22 (8), €3002778. doi:10.1371/journal.pbio.3002778

Dudley, A. C., and Griffioen, A. (2023). Pathological angiogenesis: mechanisms and
therapeutic strategies. Angiogenesis 26 (3), 313-347. doi:10.1007/s10456-023-09876-7

D’Anna, F., Van Dyck, L., Xiong, J., Zhao, H., Berrens, R. V., Qian, J., et al. (2020). DNA
methylation repels binding of hypoxia-inducible transcription factors to maintain tumor
immunotolerance. Genome Biol. 21, 182. d0i:10.1186/s13059-020-02087-z

Egea, V. (2025). HypoxamiRs: the hidden architects of tissue adaptation in hypoxia. Cell
Death Dis. 16 (732), 732. doi:10.1038/s41419-025-08091-0

Faulkes, C. G., Eykyn, T. R., Milijkovic, J. L., Gilbert, J. D., Charles, R. L., Prag, H. A,,
et al. (2024). Naked mole-rats have distinctive cardiometabolic and genetic adaptations
to their underground low-oxygen lifestyles. Nat. Commun. 15, 2204. doi:10.1038/
541467-024-46470-x

Fearon, E. R, and Vogelstein, B. (1990). A genetic model for colorectal tumorigenesis.
Cell 61 (5), 759-767. doi:10.1016/0092-8674(90)90186-1

Fernandes, J. V., DE Medeiros Fernandes, T. A., DE Azevedo, J. C., Cobucci, R. N., DE
Carvalho, M. G., Andrade, V. S., et al. (2015). Link between chronic inflammation and
human Pappilomavirus-Induced carcinogenesis. Oncol. Lett. 9 (3), 1015-1026. doi:10.
3892/01.2015.2884

Fishbein, A., Hammock, B. D., Serhan, C. N., and Panigrahy, D. (2020). Carcinogenesis:
failure of resolution of inflammation? Pharmacol. Ther. 218, 107670. doi:10.1016/j.
pharmthera.2020.107670

Flushberg, D. A., and Sorger, P. K. (2015). Surviving apoptosis: life-death signaling in
single cells. Trends Cells Biol. 25 (8), 446-458. doi:10.1016/j.tcb.2015.03.003

Gandhi, J., Khera, L., Gaur, N., Paul, C., and Kaul, R. (2017). Role of modulator of
inflammation Cyclooxygenase-2 in gammaherpesvirus mediated tumorigenesis. Front.
Microbiol. 8, 538. doi:10.3389/fmicb.2017.00538

Gorodetska, L., Kozeretska, I, and Dubrovska, A. (2019). BRCA genes: the role in
genome stability, cancer stemness and therapy resistance. J. Cancer 10 (9), 2109-2127.
doi:10.7150/jca.30410

Granger, D. N., and Senchenkova, E. (2010). Inflammation and the microcirculation:
capillary perfusion. Angiogenesis. San Rafael (CA): Morgan and Claypool life Sciences.
Available online at: https://www.ncbi.nlm.nih.gov/books/NBK53373/ (Accessed July 15,
2025).

Guven, G., Hilty, M. P, and Ince, C. (2020). Microcirculation: physiology,
pathophysiology, and clinical application. Blood Purif. 49 (1-2), 143-150. doi:10.1159/
000503775

Hadanny, A., Lang, E., Copel, L., Meir, O., Bechor, Y., Fishlev, G., et al. (2018).
Hyperbaric oxygen can induce angiogenesis and recover erectile function. Int.
J. Impot. Res. 30, 292-299. doi:10.1038/s41443-018-0023-9

Hanahan, D., and Weinberg, R. A. (2000). The hallmarks of cancer. Cell 100 (1), 57-70.
doi:10.1016/50092-8674(00)81683-9

Hanahan, D., and Weinberg Robert, A. (2011). Hallmarks of cancer: the next generation.
Cell 144 (5), 646-674. doi:lO.lOlG/j.cell.ZOl 1.02.013

Hasvold, G., Lund-Andersen, C., Lando, M., Patzke, S., Hauge, S., Suo, Z., et al. (2016).
Hypoxia-induced alterations of G2 checkpoint regulators. Mol. Oncol. 10 (5), 764-773.
doi:10.1016/j.molonc.2015.12.015

Ho, Y. J., Chu, S. W, Liao, E. C, Fan, C. H., Chan, H. L., Wei, K. C,, et al. (2019).
Normalization of tumor vasculature by oxygen microbubbles with ultrasound.
Theranotics 9 (24), 7370-7383. doi:10.7150/thno.37750

Hu, J, Li, X, and Yang, L. (2022). Hypoxia, a key factor in the immune
microenvironment. Biomed. Pharm. 151, 113068. doi:10.1016/j.biopha.2022.113068
Hu, Y., Zhao, Y., Li, P,, Lu, H,, Li, H,, and Ge, J. (2023). Hypoxia and panvascular

diseases: exploring the role of hypoxia-inducible factors in vascular smooth cells under
panvascular pathologies. Sci. Bull. 68 (17), 1954-1974. doi:10.1016/j.scib.2023.07.032

Frontiers in Cell and Developmental Biology

14

10.3389/fcell.2026.1731939

Hubbi, M. E., and Semenza, G. (2015). Regulation of cell proliferation by hypoxia-
inducible factors. Am. J. Physiol. Cell Physiol. 309 (12), C775-C782. doi:10.1152/ajpcell.
00279.2015

Jaiswal, S., Fontanillas, P., Flannick, J., Manning, A., Grauman, P. V., Mar, B. G,, et al.
(2014). Age-related clonal hematopoiesis associated with adverse outcomes. N. Engl.
J. Med. 371 (26), 2488-2498. doi:10.1056/NEJMoa1408617

Jena, A. B., Samal, R. R., Bhol, N. K., and Duttaroy, A. K. (2023). Cellular Red-Ox system
in health and disease: the latest update. Biomed. Pharmacoth 162, 114606. doi:10.1016/j.
biopha.2023.114606

Kadamani, K. L., Rahnamaie-Tajadod, R., Eaton, L., Bengtsson, J., Ojaghi, M., Cheng,
H., etal. (2024). What can naked mole-rats teach Us about ameliorating hypoxia-related
human diseases? Ann. N. Y. Acad. Sci. 1540 (1), 104-120. doi:10.1111/nyas.15219

Kaplan, A. R,, and Glazer, P. M. (2019). Impact of hypoxia on DNA repair and genome
integrity. Mutagenesis 35 (1), 61-68. doi:10.1093/mutage/gez019

Khouzam, R. A., Sharda, M., Rao, S. P., Kyerewah-Kersi, S. M., Zeinelabdin, N. A,,
Mahmood, A. S., et al. (2023). Chronic hypoxia is associated with transcriptomic
reprogramming and increased genomic instability in cancer cells. Front Cell Dev. Biol.
11. doi:10.3389/fcell.2023.1095419

Kim, M. E., and Lee, J. S. (2025). Advances in the regulation of inflammatory mediators
in nitric oxide synthase: implications for disease modulation and therapeutic
approaches. Int. J. Mol. Sci. 26 (3), 1204. doi:10.3390/ijms26031204

Kim, J., Lee, H., and Kim, K. (2022). Gene regulation by histone-modifying enzymes
under hypoxic conditions: a focus on histone methylation and acetylation. Exp. Mol.
Med. 54, 878-889. doi:10.1038/s12276-022-00812-1

Kim, J., Yoo, I. D., Lim, J., and Moon, J. S. (2024). Pathological phenotypes of astrocytes
in alzheimer’s disease. Exp. Mol. Med. 56 (1), 95-99. doi:10.1038/s12276-023-01148-0

Kiss, A. L. (2022). Inflammation in focus: the beginning and the end. Pathol. Oncol. Res.
27, 1610136. doi:10.3389/pore.2021.1610136

Korbecki, J., Siminska, D., and Gassowska-Dobrowlska, M. (2021). Drivers of cancer
chronic inflammation through HIF-1 and NF-kB activation: a review of the molecular
mechanisms. Int. J. Mol. Sci. 22 (19), 10701. doi:10.3390/ijms221910701

Kukurugya, M. A, Rosset, S., and Titov, D. V. (2024). The warburg effect is the result of
faster ATP production by glycolysis than respiration. PNAS 121 (46), €2409509121.
doi:10.1073/pnas.2409509121

Kwan, E., Flowers, J., and Ming, X. (2023). Dynamic equilibrium of cellular plasticity:the
origin of diseases. Front. Ecol. Evol. 3, 11. doi:10.3389/fev0.2023.1077902

Kwoun, G., Nangaku, M., and Mimura, I. (2025). Epigenetic memories induced by
hypoxia in AKI-to-CKD transition. Clin. Exp. Nephrol. 29 (12), 1712-1723. d0i:10.1007/
s10157-025-02745-1

Kyle, R. A,, Therneau, T. M., Rajkumar, S. V., Larson, D. R., Plevak, M. F., Offord, J. R.,
et al. (2006). Prevalence of monoclonal gammopathy of undetermined significance. N.
Engl. ]. Med. 354 (13), 1362-1369. doi:10.1056/NEJMoa054494

Lee,K.]J., Lee, K. Y., and Lee, Y. M. (2010). Downregulation of a tumor suppressor RECK
by hypoxia through recruitment of HDAC1 and HIF-1la to reverse HRE site in the
promoter. Biochim. Biophys. Acta 1803 (5), 608-616. doi:10.1016/j.bbamcr.2010.01.004

Lee, S.J., Yum, Y. N,, Kim, S. C,, Kim, Y., Lim, J., Lee, W. ], et al. (2013). Distinguishing
between genotoxic and non-genotoxic hepatocarcinogens by gene expression profiling
and bioinformatic pathway analysis. Sci. Rep. 3, 2783. doi:10.1038/srep02783

Lee, D., Tomita, Y., Miwa, Y., Kunimi, H., Nakai, A., Shoda, C., et al. (2024). Insights into
roles of hypoxia-inducible factors in retinal diseases. Int. J. Mol. Sci. 25 (18), 10140.
doi:10.3390/ijms251810140

Liberti, M. V., and Locasale, J. W. (2016). The warburg effect: how does it benefit cancer
cells? Trends Biochem. Sci. 41 (3), 211-218. doi:10.1016/j.tibs.2015.12.001

Liu, N,, Cai, X,, Liu, T., Zou, J., Wang, L., Wang, G., et al. (2020). Hypoxia-inducible
Factor-1a mediates the expression of mature p cell-disallowed genes in hypoxia-induced
B cell dedifferentiation. Biochem. Biopsy’s Res. Commun. 523 (2), 382-388. doi:10.1016/j.
bbrc.2019.12.063

Liu, Y. Y., Ohashi, Y., and Ushijima, T. (2025). How chronic inflammation fuels
carcinogenesis as an environmental epimutagen. Discov. Oncol. 16, 1150. doi:10.1007/
§12672-025-02971-9

Lu, Y., Chu, A, Turker, M. S, and Glazer, P. M. (2011). Hypoxia-induced epigenetic
regulation and silencing of the BRCA1 promoter. Mol. Cell Biol. 31 (16), 3339-3350.
doi:10.1128/MCB.01121-1

Martinez-Jiménez, F., Muifios, F., Sentis, I, Deu-Pons, J., Reyes-Salazar, L., Arnedo-Pac,
C., etal. (2020). A compendium of mutational cancer driver genes. Nat. Rev. Cancer 20
(10), 555-572. doi:10.1038/541568-020-0290-x

McGettrick, A. F,, and O’neill, L. A. J. (2020). The role of HIF in immunity and
inflammation. Cell Metab. 32 (4), 524-536. doi:10.1016/jcmet.2020.08.002

Mendoza, E. N,, Ciriolo, M. R, and Ciccarone, F. (2025). Hypoxia-induced reactive
oxygen species: their role in cancer resistance and emerging therapies to overcome it.
Antioxidants 14 (1), 94. doi:10.3390/antiox14010094

Meng, Y., Zhou, L., Xia, Y., Jia, C., and Huang, L. (2025). Breaking the hypoxia barrier:
advances and challenges of hyperbaric oxygen therapuy in cancer treatment. Biomed.
Phamacother 193, 118703. doi:10.1016/j.biopha.2025.118703

frontiersin.org


https://doi.org/10.3390/biotech130100003
https://doi.org/10.1126/scince.adp5056
https://doi.org/10.3390/dna5020022
https://doi.org/10.3390/dna5020022
https://doi.org/10.1038/s41584-025-01279-w
https://doi.org/10.1038/nrc2943
https://doi.org/10.1038/nrc2943
https://doi.org/10.1182/blood.V96.10.3343
https://doi.org/10.1182/blood.V96.10.3343
https://doi.org/10.1371/journal.pbio.3002778
https://doi.org/10.1007/s10456-023-09876-7
https://doi.org/10.1186/s13059-020-02087-z
https://doi.org/10.1038/s41419-025-08091-0
https://doi.org/10.1038/s41467-024-46470-x
https://doi.org/10.1038/s41467-024-46470-x
https://doi.org/10.1016/0092-8674(90)90186-I
https://doi.org/10.3892/ol.2015.2884
https://doi.org/10.3892/ol.2015.2884
https://doi.org/10.1016/j.pharmthera.2020.107670
https://doi.org/10.1016/j.pharmthera.2020.107670
https://doi.org/10.1016/j.tcb.2015.03.003
https://doi.org/10.3389/fmicb.2017.00538
https://doi.org/10.7150/jca.30410
https://www.ncbi.nlm.nih.gov/books/NBK53373/
https://doi.org/10.1159/000503775
https://doi.org/10.1159/000503775
https://doi.org/10.1038/s41443-018-0023-9
https://doi.org/10.1016/s0092-8674(00)81683-9
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.molonc.2015.12.015
https://doi.org/10.7150/thno.37750
https://doi.org/10.1016/j.biopha.2022.113068
https://doi.org/10.1016/j.scib.2023.07.032
https://doi.org/10.1152/ajpcell.00279.2015
https://doi.org/10.1152/ajpcell.00279.2015
https://doi.org/10.1056/NEJMoa1408617
https://doi.org/10.1016/j.biopha.2023.114606
https://doi.org/10.1016/j.biopha.2023.114606
https://doi.org/10.1111/nyas.15219
https://doi.org/10.1093/mutage/gez019
https://doi.org/10.3389/fcell.2023.1095419
https://doi.org/10.3390/ijms26031204
https://doi.org/10.1038/s12276-022-00812-1
https://doi.org/10.1038/s12276-023-01148-0
https://doi.org/10.3389/pore.2021.1610136
https://doi.org/10.3390/ijms221910701
https://doi.org/10.1073/pnas.2409509121
https://doi.org/10.3389/fevo.2023.1077902
https://doi.org/10.1007/s10157-025-02745-1
https://doi.org/10.1007/s10157-025-02745-1
https://doi.org/10.1056/NEJMoa054494
https://doi.org/10.1016/j.bbamcr.2010.01.004
https://doi.org/10.1038/srep02783
https://doi.org/10.3390/ijms251810140
https://doi.org/10.1016/j.tibs.2015.12.001
https://doi.org/10.1016/j.bbrc.2019.12.063
https://doi.org/10.1016/j.bbrc.2019.12.063
https://doi.org/10.1007/s12672-025-02971-9
https://doi.org/10.1007/s12672-025-02971-9
https://doi.org/10.1128/MCB.01121-1
https://doi.org/10.1038/s41568-020-0290-x
https://doi.org/10.1016/jcmet.2020.08.002
https://doi.org/10.3390/antiox14010094
https://doi.org/10.1016/j.biopha.2025.118703
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2026.1731939

Kwan and Park

Muz, B., Puente, P., Azab, F., and Azab, A. K. (2015). The role of hypoxia in cancer
progression, angiogenesis, metastasis, and resistance to therapy. Hypoxia (Auckl) 3,
83-92. doi:10.2147/HPS93413

Nakamura, H., and Takada, K. (2021). Reactive oxygen species in cancer: current
findings and future directions. Cancer Sci. 112 (10), 3945-3952. doi:10.1111/cas.15068

Nishida, A., and Andoh, A. (2025). The role of inflammation in cancer: mechanism of
tumor initiation, progression, and metastasis. Cells 14 (7), 488. doi:10.3390/
cells14070488

Owen, J., Logan, K., Nesbitt, H., Able, S., Vasilyeva, A., Bluemke, E., et al. (2021). Orally
administered oxygen nanobubbles enhance tumor response to sonodynamic therapy.
Nano Sel. 3 (2), 394-401. doi:10.1002/nano.20210038

Pahwa, R., Goyal, A., and Jialal, I. (2023). “Chronic inflammation,” in StatPearls
(internet) (Treasure Island (FL): StatPearls Publishing). Available online at: https://
www.ncbi.nlm.nih.gov/books/NBK493173/ (Accessed 2023 August 7)

Parreno, V., Loubiere, V., Schuettengruber, B., Fritsch, L., Rawal, C. C., Erokhin, M.,
et al. (2024). Transient loss of polycomb components induces an epigenetic cancer fate.
Nature 629, 688-696. doi:10.1038/s41586-024-07328-w

Pennacchietti, S., Michiel, P., Galluzzo, M., Mazzone, M., Giordano, S., and
Comoglio, P. M. (2003). Hypoxia promotes invasive growth by transcriptional
activation of the MET protooncogene. Cancer Cell 3 (4), 347-361. doi:10.1016/
$1535-6108(03)00085-0

Pliska, M., and Szablewki, L. (2021). Glucose transporters as a target for anticancer
therapy. Cancers 13 (16), 4184. doi:10.3390/cancers13164184

Pober, J. S., and Sessa, W. C. (2014). Inflammation and the blood microvascular system.
Cold Spring Harb. Prospect Biol. 23 (1), a016345. doi:10.1101/cshperspect.a016345

Pramono, A. A., Rather, G. M., Herman, H., Lestari, K., and Bertino, J. R. (2020). NAD-
and NADPH-contributing enzymes as therapeutic targets in cancer: an overview.
Biomolecules 10 (3), 358. d0i:10.3390/biom10030358

Prickaerts, P., Adrians, M. E., van den Beucken, T., Koch, E., Dubois, L., Dahlmans,
V. E. H,, etal. (2016). Hypoxia increases genome-wide bivalent epigenetic markings by
specific gain of H3K27me3. Epigenetics Chromatin 9, 16. doi:10.1186/s13072-016-0086

Rigoulet, M., Bouchez, C. L., Paumard, P., Ransac, S., Cuvellier, S., Duvezin-Caubet, S.,
et al. (2020). A cell energy metabolism: an update. Biochim. Bioph Acta Bioenerg. 1861
(11), 148276. doi:10.1016/j.bbabio.2020.148276

Roy, T. K., and Secomb, T. W. (2020). Effects of impaired microvascular flow regulation
on metabolism-perfusion matching and organ function. Microcirculation 28 (3), e12673.
doi:10.1111/micc.12673

Seluanov, A., Gladyshev, V., Vijg, J., and Gorbunova, V. (2018). Mechanisms of cancer
resistance in long-lived mammals. Nat. Rev. Canc 18 (7), 433-4412. doi:10.1038/s41568-
018-0004-9

Semenza, G. L. (1996). Transcriptional regulation by hypoxia-inducible factor
1 molecular mechanisms of oxygen homeostasis. Trends Cardiovasc. Med. 6 (5),
151-157. doi:10.1016/1050-1738(96)00039-4

Semenza, G. L. (2002). HIF-1 and tumor progression: pathophysiology and therapeutics.
Trends Mol. Med. 8 (4 Suppl. 1), S62-567. doi:10.1016/s1471-4914(02)02317-1

Semenza, G. L. (2012). Hypoxia-inducible factors in physiology and medicine. Cell 148
(3), 399-408. doi:10.1016/j.cell.2012.01.021

Seyfried, T. N., Lee, D. C,, Duraj, T., Ta, N. L., Mukherjee, P., Kiebish, M., et al.
(2025). The warburg hypothesis and the emergence of the mitochondrial metabolic
theory of cancer. J. Bioenerg. Biomembr. 57 (2-3), 57-83. doi:10.1007/s10863-025-
10059-w

Simon, M. C., and Keith, B. (2008). The role of oxygen availability in embryonic
development and stem cell function. Nat. Rev. Cell Biol. 9 (4), 285-296. doi:10.1038/
nrm2354

Singh, N., Basby, D., Prisad, J., Patil, P. B., Thakkannavar, S. S., and Pujari, V. B. (2019).
Inflammation and cancer. Ann. Afr. Med. 18 (3), 121-126. doi:10.4103/aam.aam_56_18

Smith, M. T., Guyton, K. Z., and Calaf, G. M. (2020). “Identifying carcinogens from
10 key characterisitics: a new approach based on mechanisms,” World cancer report:
cancer research for cancer prevention. Editors C. P. Wild, E. Weiderpass, and
B. W. Stewart (Lyon(FR): Intern ResCanc). Available online at: https://ncbi.nlm.nih.
gov/books/NBK606477/ (Accessed July 15, 2025).

Snyder, C. M., and Chandel, N. S. (2009). Mitochondrial regulation of cell survival and
death during low-oxygen conditions. Antioxid. Redox Signal. 11 (11), 2673-2683. doi:10.
1089/ars.2009.2730

Sonnenschein, C., and Soto, A. M. (2020). Over a century of cancer research:
inconvenient truths and promising leads. PLOS Biol. 18 (4), €3000670. doi:10.1371/
journal.pbio.300067

Sorokin, V., Vickneson, K., Kofidis, T., Woo, C. C., Lin, X. Y., Foo, R, et al. (2020). Role
of vascular smooth muscle cell plasticity and interactions in vessel wall inflammation.
Front. Immunolo 11, 599415. doi:10.3389/fimmu.2020.599415

Frontiers in Cell and Developmental Biology

15

10.3389/fcell.2026.1731939

Soto, A. M., and Sonnenschein, C. (2014). One hundred years of somatic mutation
theory of carcinogenesis: is it time to switch? Bioessays 36 (1), 118-120. doi:10.1002/bies.
201300160

Stancu, M., Céruntu, I. D., Giusc, S., and Dobrescu, G. (2007). Hyperplasia, metaplasia,
dysplasia and neoplasia lesions in chronic cholecystitis—A morphologic study. Rom.
J. Morph Embryol. 48 (4), 335-342.

Sun, F, Li, W,, Du, R, Liu, M., Cheng, Y., Ma, J,, et al. (2025). Impact of glycolysis
enzymes and metabolites in regulating DNA damage repair in tumorigenesis and
therapy. Cell Commun. Signal 23 (1), 44. doi:10.1186/s12964-025-02047-9

Tafani, M., Sansone, L., Limana, F., Arcangeli, T., De Santis, E., Polese, M., et al. (2016).
The interplay of reactive oxygen species, hypoxia, inflammation, and sirtuins in cancer
initiation and progression. Oxid. Med. Cell Longegev 2016, 3907147. doi:10.1155/2016/
3907147

Tang, M., Bolderson, E., O’byrne, K. J., and Richard, D. J. (2021). Tumor hypoxia drives
genomic instability. Front. Cell Dev. Biol. 9, 626229. doi:10.3389/fcell.2021.626229

Tang, M., Li, Y., Ye, P, Peng, Y., Tang, Y., Wang, Z., et al. (2025). Reversing the warburg
effect: discovery of potent pyruvate dehydrogenase kinase inhibitors for inhibiting
tumor growth. Bioorg Chem. 167, 109224. doi:10.1016/j.bioorg.2025.109224

Tsai, Y. P., and Wu, K. J. (2014). Epigenetic regulation of hypoxia-responsive gene
expression: focusing on chromatin and DNA modifications. Int. J. Cancer 134 (2),
249-256. doi:10.10002/ijc.28190

Tsiapalis, D., Ribeiro, S., De Pieri, A., Sallent, I, Guillaumin, S., Gaspar, D., et al. (2019).
“Designing microenvironments for optimal outcomes in tissue engineering and
regenerative medicine: from biopolymers to culturing conditions,” in Encyclopedia of
Tissue Engineering and Regenerative Medicine. Editor: Reis, R. L. (Academic Press),
119-130. doi:10.1016/B978-0-12-801238-3.11140-7

Varela-Eirin, M., Loureiro, J., Fonseca, E., Corrochano, S., Caeiro, J. R., Collado, M.,
et al. (2018). Cartilage regeneration and ageing: targeting cellular plasticity in
osteoarthritis. Aging Res. Rev. 42, 56-71. doi:10.1016/j.arr.2017.12.006

Vaupel, P., and Multhoff, G. (2021). Revisiting the warburg effect: historical dogma
versus current understanding. Journ. Physiol. 599 (6), 1745-1757. doi:10.1113/jp278810

Verdikt, R, and Thienpont, B. (2024). Epigenetic remodelling under hypoxia. Sem.
Cancer Biol. 98, 1-10. doi:10.1016/j.semcancer.2023.10.005-0

Verma, N., Franchitto, M., Zonfrilli, A., Cialfi, S., Palermo, R., and Talora, C. (2019).
DNA damage: cui prodest? Intern. Journ. Mol. Sci. 20 (1073). doi:10.3390/ijms20051073

Wang, J., Li, C.,, Han, J., Xue, Y., Zheng, X., Wang, R., et al. (2025). Reassessing the role of
oxidative DNA base lesion 8-oxoGua and repair enzyme OGGI in tumorigenesis.
J. Biomed. Sci. 32 (1), 1. doi:10.1186/s12929-024-01093-8

Wendimu, M. Y., and Hooks, S. B. (2022). Microglia phenotypes in aging and
neurodegenerative diseases. Cells 11 (13), 2091. doi:10.3390/cells11132091

Xiao, B., Wang, S., Yang, G., Sun, X, Zhao, S., Lin, L., et al. (2017). HIF-1a contributes to
hypoxia adaptation of the naked mole rat. Oncotarget 8 (66), 109941-109951. doi:10.
18632/oncotarget.22767

Yadav, A. K, and Polasek-Sedlackova, H. (2024). Quantity and quality of
minichromosome maintenance protein complexes couple replication licensing to
genome integrity. Commun. Biol. Intern. Journ. Mol. Sci. 7 (12), 167. doi:10.1038/
542003-024-05855-w

Yu, D,, Cringle, S., Yu, P. K., and Su, E. N. (2011). Retinal energetics: its critical role in
retinal physiology and pathology. Expert Rev. Opthalmol 6 (4), 395-399. doi:10.1586/
eop.11.44

Yuen, C. M., Tsai, H. P., Tseng, T. T,, Tseng, Y. L., Lieu, A. S., Kwan, A. L,, et al. (2023).
Hyperbaric oxygen therapy adjuvant chemotherapy and radiotherapy through

inhibiting stemness in glioblastoma. Curr. Issues Mol. Biol. 45 (10), 8309-8320.
doi:10.3390/cimb45100524

Zeng, M., Kikuchi, H., Pino, M. S., and Chung, D. C. (2010). Hypoxia activates the K-Ras
proto-oncogene to stimulate angiogenesis and inhibit apoptosis in Colon cancer.
PlosOne 5 (6), €10966. doi:10.1371/journal.pone.0010966

Zhang, C., Liu, J., Wang, J., Zhang, T., Xu, D., Hu, W,, et al. (2021). The interplay
between tumor suppressor p53 and hypoxia signaling pathways in cancer. Front. Cell
Dev. Biol. 9, 648808. doi:10.3389/fcell.2021.648808

Zhang, W., Xiao, D., Mao, Q., and Xia, H. (2023). Role of neuroinflammation in
neurodegeneration development. Sig Transduct. Target Ther. 8 (1), 267. doi:10.1038/
541392-023-01486-5

Zhao, Y., Wang, L., and Pan, J. (2015). The role of L-Type amino acid transporter 1 in
human tumors. Intract Rare Dis. Res. 4 (4), 165-169. doi:10.5582/irdr.2015.01024

Zhong, X., He, X., Wang, Y., Hu, Z., Huang, H., Zhao, S., et al. (2022). Warburg effect in
colorectal cancer: emerging roles in tumor microenvironment and therapeutic
implications. J. Hematol. Oncol. 15 (12), 160. doi:10.1186/s13045-22-01358-5

Zhu, H., and Bunn, H. F. (2001). Signal transduction. How do cells sense oxygen? Science
292 (5516), 449-451. doi:10.1126/science.1060849

frontiersin.org


https://doi.org/10.2147/HPS93413
https://doi.org/10.1111/cas.15068
https://doi.org/10.3390/cells14070488
https://doi.org/10.3390/cells14070488
https://doi.org/10.1002/nano.20210038
https://www.ncbi.nlm.nih.gov/books/NBK493173/
https://www.ncbi.nlm.nih.gov/books/NBK493173/
https://doi.org/10.1038/s41586-024-07328-w
https://doi.org/10.1016/s1535-6108(03)00085-0
https://doi.org/10.1016/s1535-6108(03)00085-0
https://doi.org/10.3390/cancers13164184
https://doi.org/10.1101/cshperspect.a016345
https://doi.org/10.3390/biom10030358
https://doi.org/10.1186/s13072-016-0086
https://doi.org/10.1016/j.bbabio.2020.148276
https://doi.org/10.1111/micc.12673
https://doi.org/10.1038/s41568-018-0004-9
https://doi.org/10.1038/s41568-018-0004-9
https://doi.org/10.1016/1050-1738(96)00039-4
https://doi.org/10.1016/s1471-4914(02)02317-1
https://doi.org/10.1016/j.cell.2012.01.021
https://doi.org/10.1007/s10863-025-10059-w
https://doi.org/10.1007/s10863-025-10059-w
https://doi.org/10.1038/nrm2354
https://doi.org/10.1038/nrm2354
https://doi.org/10.4103/aam.aam_56_18
https://ncbi.nlm.nih.gov/books/NBK606477/
https://ncbi.nlm.nih.gov/books/NBK606477/
https://doi.org/10.1089/ars.2009.2730
https://doi.org/10.1089/ars.2009.2730
https://doi.org/10.1371/journal.pbio.300067
https://doi.org/10.1371/journal.pbio.300067
https://doi.org/10.3389/fimmu.2020.599415
https://doi.org/10.1002/bies.201300160
https://doi.org/10.1002/bies.201300160
https://doi.org/10.1186/s12964-025-02047-9
https://doi.org/10.1155/2016/3907147
https://doi.org/10.1155/2016/3907147
https://doi.org/10.3389/fcell.2021.626229
https://doi.org/10.1016/j.bioorg.2025.109224
https://doi.org/10.10002/ijc.28190
https://doi.org/10.1016/B978-0-12-801238-3.11140-7
https://doi.org/10.1016/j.arr.2017.12.006
https://doi.org/10.1113/jp278810
https://doi.org/10.1016/j.semcancer.2023.10.005-0
https://doi.org/10.3390/ijms20051073
https://doi.org/10.1186/s12929-024-01093-8
https://doi.org/10.3390/cells11132091
https://doi.org/10.18632/oncotarget.22767
https://doi.org/10.18632/oncotarget.22767
https://doi.org/10.1038/s42003-024-05855-w
https://doi.org/10.1038/s42003-024-05855-w
https://doi.org/10.1586/eop.11.44
https://doi.org/10.1586/eop.11.44
https://doi.org/10.3390/cimb45100524
https://doi.org/10.1371/journal.pone.0010966
https://doi.org/10.3389/fcell.2021.648808
https://doi.org/10.1038/s41392-023-01486-5
https://doi.org/10.1038/s41392-023-01486-5
https://doi.org/10.5582/irdr.2015.01024
https://doi.org/10.1186/s13045-22-01358-5
https://doi.org/10.1126/science.1060849
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2026.1731939

	Hypoxic adaptation theory of cancer
	Introduction
	Hypoxia and chronic inflammation
	Hypoxia and hypoxia inducible factor (HIF)/angiogenesis
	Hypoxia and epigenome
	Hypoxia and energy metabolism
	Hypoxia and chronic diseases
	Cardiovascular disease (CVD)
	Metabolic disease
	Rheumatoid arthritis (RA) and osteoarthritis (OA)
	Age-related macular degeneration (AMD)
	Neurodegenerative diseases

	Hypoxia and reactive oxygen species (ROS)
	Hypoxia and Warburg effect (WE)
	Hypoxia and carcinogens
	Hypoxic adaptation theory (HAT)
	Testable predictions and experimental approaches
	Conclusion
	Future perspective
	Limitation
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


