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ABSTRACT

The intestinal mucosa exists within a unique physiological oxygen gradient that is essential for
maintaining epithelial homeostasis, barrier integrity, immune surveillance, and host-microbiota
interactions. Although physiological hypoxia is a normal feature of the intestinal
microenvironment, sustained or severe oxygen deprivation initiates a complex cascade of
molecular and cellular events that culminate in intestinal epithelial injury and contribute to the
pathogenesis of numerous gastrointestinal and systemic disorders. Growing evidence has identified
hypoxia as a central driver of intestinal ischemia—reperfusion injury, inflammatory bowel disease,
necrotizing enterocolitis, radiation enteropathy, sepsis-associated intestinal dysfunction, and
colorectal tumorigenesis. Recent advances in molecular biology have substantially expanded
current understanding of the signaling pathways governing hypoxic adaptation and their
implications for disease progression and therapeutic intervention.

This review provides a comprehensive synthesis of the current evidence regarding the molecular
mechanisms underlying hypoxia-induced intestinal cellular injury, emphasizing oxygen-sensing
pathways, metabolic reprogramming, mitochondrial dysfunction, oxidative stress, inflammatory
signaling, epithelial barrier disruption, and regulated cell death. Particular attention is given to the
central role of hypoxia-inducible factors (HIFs), prolyl hydroxylase domain enzymes, AMP-
activated protein kinase, mammalian target of rapamycin, and nuclear factor erythroid 2-related
factor 2 in coordinating adaptive and maladaptive cellular responses to oxygen deprivation.
Furthermore, the review discusses the reciprocal interactions among epithelial cells, immune cells,
endothelial cells, and the intestinal microbiota that collectively determine mucosal homeostasis or
disease progression under hypoxic conditions.

Emerging evidence indicates that prolonged hypoxia promotes mitochondrial dysfunction,
excessive reactive oxygen species generation, endoplasmic reticulum stress, inflammasome
activation, and disruption of epithelial tight junctions, leading to increased intestinal permeability
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and amplification of local and systemic inflammatory responses. Concurrent activation of
apoptosis, necroptosis, pyroptosis, ferroptosis, and dysregulated autophagy further accelerates
epithelial injury and compromises mucosal repair. Advances in single-cell transcriptomics, spatial
omics, metabolomics, and artificial intelligence-assisted data analysis are simultaneously
improving understanding of intestinal hypoxia while facilitating the discovery of novel biomarkers
and therapeutic targets. Pharmacological modulation of HIF signaling, mitochondrial protection,
antioxidant defense, epithelial regeneration, microbiome-based therapies, and precision medicine
approaches represent promising strategies for mitigating hypoxia-associated intestinal injury.

In conclusion, hypoxia-induced intestinal cellular injury is a multifactorial process involving tightly
integrated metabolic, mitochondrial, inflammatory, and immune regulatory networks. Continued
integration of mechanistic research with translational and clinical investigations will be essential
for improving early diagnosis, refining patient stratification, and developing targeted therapeutic
interventions. Future advances in multi-omics technologies, systems biology, and precision
medicine are expected to transform the prevention and management of hypoxia-associated
intestinal diseases and improve clinical outcomes.

Keywords: Intestinal hypoxia; Intestinal epithelial injury; Hypoxia-inducible factor; Mitochondrial
dysfunction; Oxidative stress.

INTRODUCTION

The intestinal tract is one of the most metabolically active organs in the human body, requiring
a continuous supply of oxygen to maintain epithelial integrity, nutrient absorption, immune
homeostasis, and barrier function. Despite receiving approximately 20-25% of the resting cardiac
output, the intestinal mucosa exists under a unique physiological oxygen gradient, in which oxygen
tension decreases progressively from the well-perfused submucosa toward the luminal surface [1].
This physiological hypoxia is particularly pronounced at the villus tips of the small intestine and
the superficial epithelium of the colon, where epithelial cells operate under relatively low oxygen
conditions while maintaining high metabolic activity [2]. Although this oxygen gradient is essential
for preserving intestinal homeostasis and regulating host—microbiota interactions, even modest
reductions in tissue oxygenation can rapidly disrupt epithelial function and initiate cellular injury
[3]. Hypoxia is broadly defined as a reduction in oxygen availability below the level required to
sustain normal cellular metabolism [4].

In the gastrointestinal tract, hypoxia may arise from systemic disorders, including shock, severe
anemia, respiratory failure, cardiac insufficiency, and sepsis, or from localized conditions such as
mesenteric ischemia, inflammatory bowel disease (IBD), intestinal obstruction, radiation injury,
and postoperative complications [5]. During these pathological states, impaired oxygen delivery
leads to metabolic reprogramming, mitochondrial dysfunction, oxidative stress, and activation of
stress-responsive signaling pathways that collectively determine cellular survival or death.
Depending on the duration and severity of oxygen deprivation, intestinal epithelial cells may
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undergo reversible adaptive responses or irreversible injury culminating in apoptosis, necroptosis,
pyroptosis, ferroptosis, or uncontrolled necrosis [6].

The intestinal epithelium is particularly vulnerable to hypoxic injury because of its rapid cellular
turnover and substantial energy demands. Under physiological conditions, intestinal epithelial cells
are renewed every 3-5 days through continuous proliferation of crypt stem cells followed by
differentiation and migration toward the villus tip [7]. This dynamic process requires uninterrupted
ATP generation through mitochondrial oxidative phosphorylation. Hypoxia compromises
mitochondrial respiration, forcing cells to shift toward anaerobic glycolysis, a metabolically less
efficient pathway that cannot fully satisfy cellular energy requirements during prolonged oxygen
deprivation. Consequently, ATP depletion disrupts ion transport, impairs tight junction integrity,
alters epithelial polarity, and increases intestinal permeability. Loss of barrier function permits
translocation of luminal bacteria, endotoxins, and microbial metabolites into the systemic
circulation, thereby amplifying local inflammation and contributing to systemic inflammatory
responses and multiple organ dysfunction [8].

At the molecular level, cellular adaptation to hypoxia is orchestrated primarily by the hypoxia-
inducible factor (HIF) family of transcription factors. Under normoxic conditions, HIF-o subunits
undergo prolyl hydroxylation by oxygen-dependent prolyl hydroxylase domain (PHD) enzymes,
targeting them for von Hippel-Lindau (VHL)-mediated ubiquitination and rapid proteasomal
degradation [9]. During hypoxia, diminished PHD activity permits stabilization of HIF-1¢ and HIF-
20, enabling their nuclear translocation and heterodimerization with HIF-1B. Activated HIF
complexes regulate the transcription of hundreds of genes involved in glycolytic metabolism,
angiogenesis, erythropoiesis, epithelial barrier maintenance, antimicrobial defense, autophagy, and
cellular survival [10]. While transient HIF activation generally promotes tissue protection and
restoration of homeostasis, persistent or dysregulated HIF signaling may exacerbate chronic
inflammation, fibrosis, angiogenesis, and tumor progression, illustrating the context-dependent
nature of hypoxia-mediated responses [11].

Mitochondria occupy a central role in hypoxia-induced intestinal cellular injury. Reduced
oxygen availability impairs electron transport chain activity, leading to electron leakage and
excessive production of reactive oxygen species (ROS), particularly during episodes of ischemia
followed by reperfusion [12]. Excessive ROS initiate lipid peroxidation, protein oxidation, DNA
damage, and activation of multiple inflammatory signaling cascades, including nuclear factor-
kappa B (NF-xB), mitogen-activated protein kinase (MAPK), and nucleotide-binding
oligomerization domain-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome
pathways. Crosstalk between mitochondrial dysfunction and inflammatory signaling establishes a
self-perpetuating cycle that intensifies epithelial injury, compromises mucosal healing, and
accelerates disease progression [13].

Emerging evidence further demonstrates that hypoxia profoundly influences interactions among
intestinal epithelial cells, immune cells, endothelial cells, stromal fibroblasts, and the gut
microbiota. Oxygen deprivation alters immune cell recruitment, macrophage polarization,
neutrophil function, and cytokine production while simultaneously reshaping microbial
composition and metabolic activity [14]. The resulting dysbiosis promotes production of microbial-
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derived inflammatory mediators and weakens colonization resistance against pathogenic organisms
[15-20]. Conversely, microbial metabolites such as short-chain fatty acids can modulate epithelial
oxygen consumption and HIF activation, highlighting a complex bidirectional relationship between
tissue oxygenation and microbial ecology [19-24]. These intricate interactions underscore the
importance of considering hypoxia as a multicellular and microenvironmental phenomenon rather
than merely a consequence of reduced oxygen availability [25].

Recent advances in high-throughput sequencing, single-cell transcriptomics, spatial
transcriptomics, metabolomics, proteomics, and advanced imaging technologies have substantially
expanded understanding of hypoxia-induced intestinal injury. These approaches have identified
previously unrecognized cellular subpopulations, oxygen-sensitive signaling networks, metabolic
adaptations, and spatial heterogeneity within the intestinal mucosa. Furthermore, intestinal
organoids, organ-on-chip platforms, and genetically engineered animal models have enabled
detailed investigation of oxygen-dependent cellular responses under physiologically relevant
conditions, accelerating the translation of basic discoveries into therapeutic development [26].

From a clinical perspective, hypoxia-induced intestinal cellular injury contributes significantly
to the pathogenesis of numerous gastrointestinal and systemic diseases. Acute mesenteric ischemia,
intestinal ischemia—reperfusion injury following transplantation or cardiovascular surgery,
neonatal necrotizing enterocolitis, inflammatory bowel disease, sepsis-associated intestinal
dysfunction, radiation enteropathy, and critical illness are all characterized by varying degrees of
tissue hypoxia and epithelial barrier disruption [27]. Moreover, chronic mucosal hypoxia has been
increasingly recognized as a driver of colorectal carcinogenesis through sustained inflammatory
signaling, metabolic reprogramming, angiogenesis, and alterations in the tumor microenvironment.
Consequently, pharmacological strategies targeting HIF stabilization, mitochondrial protection,
oxidative stress, inflammatory mediators, and epithelial regeneration have emerged as promising
therapeutic approaches currently undergoing preclinical and clinical evaluation [28].

Although significant progress has been achieved in elucidating the molecular basis of intestinal
hypoxia, numerous challenges remain [29]. The precise mechanisms governing the transition from
adaptive hypoxic signaling to irreversible cellular injury remain incompletely understood, and the
therapeutic manipulation of hypoxia-responsive pathways must carefully balance tissue protection
against potential adverse effects, including fibrosis and neoplastic transformation. Moreover, the
integration of molecular biomarkers with precision medicine approaches may facilitate early
diagnosis, risk stratification, and individualized therapeutic interventions for patients with hypoxia-
associated intestinal disorders [30].

This review comprehensively examines the current understanding of hypoxia-induced intestinal
cellular injury, emphasizing the physiological oxygen landscape of the intestine, molecular
adaptations mediated by hypoxia-responsive signaling pathways, mechanisms of epithelial barrier
dysfunction, mitochondrial injury, oxidative stress, inflammatory responses, and regulated cell
death. Furthermore, it discusses the clinical significance of intestinal hypoxia across diverse
gastrointestinal diseases, highlights emerging diagnostic biomarkers and therapeutic targets, and
explores future directions including single-cell technologies, multi-omics integration, artificial
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intelligence-assisted biomarker discovery, and precision medicine strategies that may improve

outcomes in hypoxia-related intestinal disorders [31].

Physiological Oxygen Landscape of the Intestinal Microenvironment

The intestine possesses one of the most distinctive oxygen microenvironments in the human
body. Unlike most organs that receive relatively uniform oxygen delivery, the intestinal mucosa is
characterized by steep spatial and temporal oxygen gradients that are essential for maintaining
epithelial homeostasis, microbial symbiosis, immune regulation, and tissue regeneration [31]. This
unique physiological state, often referred to as "physiological hypoxia™ or "physioxia," allows
intestinal cells to adapt continuously to fluctuating oxygen availability while preserving metabolic
function. Understanding this normal oxygen landscape is fundamental to appreciating how
pathological hypoxia develops and ultimately causes intestinal cellular injury. Figure 1.

Pathophysiology of Hypoxia-Induced Intestinal Cellular Injury
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Intestinal hypoxia initiates a complex network of molecular and cellular events that drive epithelial injury, barrier failure,
inflammation, and impaired repair, ultimately contributing to local and systemic disease.

Figure 1. Pathophysiology of Hypoxia-Induced Intestinal Cellular Injury
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Schematic overview of the molecular and cellular mechanisms underlying hypoxia-induced intestinal
epithelial injury. The normal intestinal mucosa exists within a physiological oxygen gradient extending from
the oxygen-rich submucosa to the relatively hypoxic luminal surface. Under pathological conditions—
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including mesenteric ischemia, inflammatory bowel disease, sepsis, radiation injury, and hemorrhagic
shock—reduced oxygen availability stabilizes hypoxia-inducible factors (HIF-1a and HIF-2a) through
inhibition of prolyl hydroxylase domain (PHD) enzymes and suppression of von Hippel-Lindau (VHL)-
mediated degradation. Initial adaptive responses include metabolic reprogramming toward glycolysis,
preservation of epithelial barrier function, angiogenesis, and activation of cytoprotective pathways. Persistent
hypoxia, however, promotes mitochondrial dysfunction, excessive reactive oxygen species (ROS)
production, redox imbalance, and activation of inflammatory signaling pathways, including nuclear factor-
kB (NF-kB) and the NLRP3 inflammasome. These events disrupt epithelial tight junctions (claudin-1,
occludin, and zonula occludens-1 [ZO-1]), increase intestinal permeability, facilitate microbial translocation,
and amplify mucosal inflammation. Concurrent activation of regulated cell death pathways—including
apoptosis, necroptosis, pyroptosis, and ferroptosis—contributes to epithelial cell loss and impaired mucosal
regeneration. Crosstalk among intestinal epithelial cells, endothelial cells, immune cells, fibroblasts, enteric
glial cells, and the gut microbiota further determines the balance between tissue repair and disease
progression. Collectively, these interconnected mechanisms contribute to intestinal barrier failure, systemic
inflammation, multiple organ dysfunction, fibrosis, and colorectal tumorigenesis, highlighting potential
therapeutic targets for hypoxia-associated intestinal disorders.

Abbreviations: AMPK, AMP-activated protein kinase; ETC, electron transport chain; HIF, hypoxia-
inducible factor; IECs, intestinal epithelial cells; mTOR, mammalian target of rapamycin; mtDNA,
mitochondrial DNA; NF-«B, nuclear factor-kappa B; NLRP3, nucleotide-binding oligomerization domain-
like receptor family pyrin domain-containing 3; PHD, prolyl hydroxylase domain; ROS, reactive oxygen
species; VHL, von Hippel-Lindau; VEGF, vascular endothelial growth factor; ZO-1, zonula occludens-1.

Physiological Oxygen Gradients Along the Intestinal Wall

The intestinal circulation supplies approximately one-fifth of resting cardiac output, reflecting
the high metabolic demands associated with digestion, nutrient absorption, electrolyte transport,
and immune surveillance. Blood reaches the intestinal mucosa through an intricate vascular
network consisting of mesenteric arteries, submucosal arterioles, capillary loops, and venules.
Despite this extensive vascularization, oxygen delivery to epithelial cells is surprisingly limited
because of anatomical features that promote countercurrent oxygen exchange within intestinal villi.
In the small intestine, oxygen-rich arterial blood ascends toward the villus tip through central
arterioles, while venous blood descends through adjacent venules. This close anatomical
arrangement permits diffusion of oxygen directly from arterioles into venules before oxygen
reaches the epithelial surface, a phenomenon known as countercurrent oxygen shunting [32].
Consequently, epithelial cells located at the villus apex experience substantially lower oxygen
tension than those residing near the crypt base. The oxygen partial pressure (pO:) decreases
progressively from approximately 80-100 mmHg in submucosal vessels to nearly 10-20 mmHg at
the villus tip, creating one of the steepest physiological oxygen gradients observed in mammalian
tissues [33].

The colon exhibits an even lower oxygen environment because its epithelial surface lies in close
proximity to an abundant anaerobic microbiota. Colonocytes actively consume oxygen through
mitochondrial oxidative phosphorylation while luminal microorganisms simultaneously reduce
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oxygen concentrations through bacterial respiration. This cooperative oxygen depletion establishes
a hypoxic luminal interface that supports the dominance of obligate anaerobic bacteria and
contributes to microbial homeostasis, Table 1.

Unlike pathological hypoxia, these physiological oxygen gradients are tightly regulated and
represent a normal feature of intestinal biology rather than evidence of tissue injury.

Table 1. Major Metabolic Alterations in Intestinal Epithelial Cells During Hypoxia

Pathological Consequence During

Cellular Process Adaptive Response Prolonged Hypoxia

:))k:(c;(sjs::c\)/fylation Decreased oxygen consumption ATP depletion

Glycolysis Increased glucose utilization Lactate accumulation and acidosis

HIF signaling Enhanced metabolic adaptation Persistent metabolic dysregulation

Electron transport chain  Reduced electron flow ROS overproduction

Mitochondrial dynamics Increased mitophagy Excessive mitochondrial fragmentation

ATP synthesis Temporary energy conservation Failure of ion pumps and barrier dysfunction
Redox balance Activation of antioxidant defenses Oxidative stress and macromolecular damage
Innate immunity Controlled stress signaling DAMP release and inflammasome activation

Cellular Adaptations to Physiological Hypoxia

Intestinal epithelial cells have evolved sophisticated mechanisms that allow survival under
relatively low oxygen conditions without compromising barrier integrity. Even under normal
physiological circumstances, mild stabilization of hypoxia-inducible transcription factors—
particularly hypoxia-inducible factor-1 alpha (HIF-1a)—occurs within the superficial epithelium.
Rather than promoting injury, basal HIF activation supports epithelial adaptation by regulating
genes involved in:

Tight junction maintenance

Mucin synthesis

Antimicrobial peptide production

Glucose transport

Iron metabolism

Angiogenesis

Cellular energy homeostasis

This adaptive transcriptional program enables epithelial cells to tolerate physiological oxygen

fluctuations that accompany feeding, fasting, exercise, and circadian rhythms [34].
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Furthermore, crypt stem cells exhibit distinct metabolic characteristics compared with
differentiated epithelial cells. Stem cells rely relatively more on glycolytic metabolism, reducing
their dependence on oxygen-intensive oxidative phosphorylation. As cells differentiate and migrate
toward the villus tip, mitochondrial activity increases to meet greater energetic demands associated
with nutrient transport and ion exchange. Consequently, mature enterocytes become increasingly
susceptible to oxygen deprivation.

Oxygen Consumption Within the Intestinal Epithelium

The intestinal epithelium is among the most metabolically active tissues in the body. Continuous
absorption of nutrients, active electrolyte transport, maintenance of transmembrane ion gradients,
secretion of mucus, and rapid epithelial renewal collectively require substantial ATP production.
Approximately 90% of cellular ATP under normoxic conditions is generated through mitochondrial
oxidative phosphorylation. Enterocytes contain abundant mitochondria concentrated near the
basolateral membrane, where ATP supports sodium-potassium ATPase activity and secondary
active transport systems responsible for nutrient absorption [35].

Several physiological processes markedly influence intestinal oxygen consumption, including:
Active digestion following meals
Intestinal motility
Immune activation
Tissue regeneration
Epithelial proliferation
Secretory activity

During periods of increased metabolic demand, oxygen extraction rises significantly. If oxygen
delivery fails to match these metabolic requirements, localized hypoxia rapidly develops,
particularly in epithelial regions already existing near the lower limit of physiological oxygenation.

Crosstalk Between the Intestinal Microbiota and Oxygen Availability

The intestinal microbiota plays a fundamental role in shaping mucosal oxygen gradients. More
than 10" microorganisms inhabit the gastrointestinal tract, with obligate anaerobic bacteria
constituting the overwhelming majority of colonic microorganisms [36].

Healthy colonocytes consume oxygen through B-oxidation of microbiota-derived short-chain fatty
acids, particularly butyrate. This high oxygen consumption maintains extremely low luminal
oxygen concentrations, thereby favoring anaerobic microbial communities while restricting
expansion of facultative aerobic pathogens [37].
Conversely, epithelial injury or mitochondrial dysfunction decreases epithelial oxygen utilization.
Increased oxygen diffusion into the intestinal lumen promotes expansion of facultative anaerobic
bacteria, including members of the Enterobacteriaceae, contributing to microbial dysbiosis.
This reciprocal relationship creates an important feedback loop:

Healthy epithelium maintains hypoxic luminal conditions.
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Healthy microbiota supports epithelial metabolism.

Epithelial injury increases luminal oxygen.

Increased oxygen alters microbial composition.

Dysbiosis further aggravates epithelial inflammation and injury.
This bidirectional interaction has emerged as a major determinant of intestinal homeostasis and
disease progression, Figure 2.

Metabolic Reprogramming During Hypoxia in Intestinal Epithelial Cells
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Figure 2. Metabolic reprogramming during hypoxia in intestinal epithelial cells. The schematic should
illustrate reduced oxidative phosphorylation, HIF-1a-driven glycolysis, inhibition of pyruvate entry into the
TCA cycle via PDK1, mitochondrial ROS generation, altered fission/fusion balance, mitophagy, ATP
depletion, and downstream effects on epithelial barrier integrity and inflammatory signaling.

Oxygen Sensing Mechanisms in Intestinal Cells

Intestinal cells continuously monitor intracellular oxygen availability through highly conserved
oxygen-sensing pathways centered on the prolyl hydroxylase domain (PHD) enzymes and the von
Hippel-Lindau (VHL) protein [38].

Under normoxic conditions:
PHD enzymes hydroxylate HIF-o proteins.
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Hydroxylated HIF-o binds VHL.
VHL mediates ubiquitination.
Proteasomal degradation prevents HIF activation.

As oxygen levels decline [39]:

PHD activity decreases because oxygen is an essential enzymatic substrate.

HIF-1a and HIF-2a escape degradation.

Stabilized HIF proteins translocate into the nucleus.

HIF heterodimerizes with HIF-1p.

Hundreds of adaptive genes are transcriptionally activated.
Besides HIF signaling, intestinal oxygen sensing also involves:

AMP-activated protein kinase (AMPK), which detects energy depletion.

Mammalian target of rapamycin (mTOR), integrating nutrient and oxygen availability.

Reactive oxygen species (ROS) as secondary signaling molecules.

Nuclear factor erythroid 2-related factor 2 (Nrf2), regulating antioxidant defense.

Sirtuin family proteins, coordinating mitochondrial adaptation and metabolic remodeling.
Together, these pathways integrate oxygen availability with cellular metabolism, inflammatory
signaling, autophagy, and tissue repair [40].

Transition from Physiological Hypoxia to Pathological Hypoxia

Although physiological hypoxia supports intestinal homeostasis, this balance is highly
susceptible to disruption. Pathological hypoxia develops when oxygen delivery becomes
insufficient to meet metabolic demand or when oxygen utilization is impaired by mitochondrial
dysfunction.

Common triggers include:
Mesenteric ischemia
Septic shock
Severe hemorrhage
Acute respiratory failure
Cardiac insufficiency
Inflammatory bowel disease
Radiation injury
Intestinal transplantation
Major abdominal surgery

Initially, epithelial cells activate adaptive responses designed to preserve ATP production and
maintain barrier function. However, prolonged or severe oxygen deprivation overwhelms these
protective mechanisms, resulting in mitochondrial dysfunction, excessive reactive oxygen species
generation, disruption of epithelial junctions, inflammatory activation, and multiple forms of
regulated cell death. This transition represents the critical turning point from reversible cellular
adaptation to irreversible intestinal injury [41].
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DISCUSSION

Hypoxia-induced intestinal cellular injury represents a highly coordinated yet multifaceted
pathological process in which adaptive responses designed to preserve epithelial survival gradually
transition into mechanisms that promote irreversible cellular damage and tissue dysfunction. The
evidence synthesized in this review demonstrates that intestinal hypoxia should not be considered
merely a consequence of impaired oxygen delivery but rather a dynamic biological state involving
complex interactions among epithelial metabolism, mitochondrial function, immune activation,
vascular adaptation, microbial ecology, and regulated cell death pathways [42]. Collectively, these
interconnected mechanisms determine whether the intestinal mucosa undergoes successful
recovery or progresses toward persistent inflammation, barrier failure, and systemic complications.

One of the most important concepts emerging from recent research is the recognition that
physiological hypoxia is an essential feature of normal intestinal biology rather than a pathological
abnormality. The steep oxygen gradient extending from the submucosal circulation to the luminal
surface provides an environment that supports epithelial differentiation, immune tolerance, and
symbiosis with anaerobic microbiota [43]. Under physiological conditions, basal activation of HIF
signaling contributes to maintenance of tight junction integrity, mucin secretion, antimicrobial
peptide production, and metabolic homeostasis. These observations have fundamentally altered the
traditional perception of hypoxia, emphasizing that the biological consequences of reduced oxygen
availability depend primarily on its magnitude, duration, and cellular context [44].

The transition from adaptive hypoxia to pathological injury appears to occur when metabolic
demand exceeds the capacity of cellular oxygen-sensing mechanisms to maintain bioenergetic
homeostasis [45] During the early stages of oxygen deprivation, stabilization of HIF-1a, activation
of AMPK, induction of glycolytic metabolism, and stimulation of autophagy collectively preserve
ATP production and limit epithelial injury. However, prolonged hypoxia progressively overwhelms
these protective responses. Mitochondrial oxidative phosphorylation becomes increasingly
compromised, ATP production declines, oxidative stress intensifies, and epithelial barrier integrity
deteriorates. Consequently, adaptive metabolic reprogramming transforms into metabolic
exhaustion, marking the critical point at which reversible cellular adaptation progresses toward
irreversible tissue damage [46].

Among all intracellular organelles involved in hypoxic injury, mitochondria occupy a central
position, functioning simultaneously as regulators of energy metabolism, reactive oxygen species
production, apoptosis, innate immunity, and inflammatory signaling. Current evidence indicates
that mitochondrial dysfunction represents one of the earliest and most influential determinants of
intestinal epithelial injury [47]. Impairment of electron transport chain activity during hypoxia
initiates excessive production of mitochondrial ROS, resulting in oxidative damage to proteins,
lipids, nucleic acids, and mitochondrial DNA. This oxidative injury further compromises
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mitochondrial respiration, creating a self-amplifying cycle of metabolic dysfunction and oxidative
stress. Moreover, release of mitochondrial danger-associated molecular patterns, including
mitochondrial DNA, cardiolipin, ATP, and cytochrome c, directly activates inflammasome
signaling and innate immune responses, thereby linking mitochondrial injury with chronic
intestinal inflammation [48].

The present review also highlights the increasingly recognized importance of regulated cell death
pathways in determining the severity of intestinal injury. Historically, epithelial loss during hypoxia
was attributed primarily to apoptosis and uncontrolled necrosis. However, recent studies have
identified necroptosis, pyroptosis, ferroptosis, and dysregulated autophagy as major contributors to
intestinal epithelial destruction [49]. These distinct yet interconnected pathways exhibit substantial
molecular crosstalk and frequently coexist within the same pathological environment. For example,
excessive ROS production not only induces apoptosis through mitochondrial cytochrome c release
but also promotes lipid peroxidation characteristic of ferroptosis while simultaneously activating
inflammasome-mediated pyroptosis. Understanding these interactions may facilitate the
development of combination therapeutic strategies targeting multiple regulated cell death
mechanisms simultaneously rather than individual pathways in isolation [50].

Another important finding emerging from contemporary research is the central role of intestinal
barrier dysfunction as the critical link between localized epithelial injury and systemic disease.
Loss of epithelial integrity permits translocation of luminal bacteria, endotoxins, pathogen-
associated molecular patterns, and microbial metabolites into the lamina propria and systemic
circulation. Activation of resident macrophages, dendritic cells, neutrophils, and adaptive immune
cells subsequently amplifies inflammatory signaling through NF-xB, MAPK, JAK-STAT, and
NLRP3 inflammasome pathways [51]. Once initiated, this inflammatory cascade further disrupts
epithelial junctional proteins, increases vascular permeability, and accelerates epithelial apoptosis,
thereby establishing a vicious cycle that perpetuates tissue injury. These mechanisms explain why
intestinal hypoxia frequently contributes to multiple organ dysfunction syndrome during sepsis,
major trauma, hemorrhagic shock, and ischemia-reperfusion injury [52].

The relationship between intestinal hypoxia and the gut microbiota has emerged as another major
area of scientific interest. Physiological oxygen gradients support colonization by obligate
anaerobic microorganisms that produce beneficial metabolites such as butyrate, which in turn
enhance epithelial metabolism and barrier function. Hypoxia-induced epithelial dysfunction alters
luminal oxygen concentrations, promoting expansion of facultative anaerobic pathogens while
reducing microbial diversity [53]. Dysbiosis further exacerbates inflammation through altered
microbial metabolites, impaired short-chain fatty acid production, and enhanced bacterial
translocation. Conversely, microbial metabolites directly regulate HIF signaling, epithelial oxygen
consumption, and mitochondrial metabolism, illustrating the bidirectional relationship between
intestinal oxygen homeostasis and microbial ecology. Future therapeutic approaches integrating
microbiome modulation with metabolic and immunological interventions may therefore provide
greater efficacy than strategies targeting individual pathways alone [54].

Although substantial progress has been achieved in elucidating hypoxia-responsive molecular
signaling, translation into clinical practice remains relatively limited. Current management of
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intestinal hypoxia continues to rely largely on correction of the underlying cause, restoration of
tissue perfusion, supportive care, and management of associated complications [55]. Direct
pharmacological targeting of hypoxia-responsive pathways remains in the early stages of clinical
development. Among the most promising therapeutic strategies are HIF stabilizers, prolyl
hydroxylase inhibitors, mitochondria-targeted antioxidants, AMPK activators, Nrf2 agonists,
ferroptosis inhibitors, selective inflammasome inhibitors, and agents promoting epithelial
regeneration. Nevertheless, modulation of these pathways requires careful consideration because
excessive activation of HIF signaling may promote angiogenesis, fibrosis, and tumor progression,
whereas excessive inhibition of inflammatory signaling may impair host defense against enteric
pathogens. Consequently, therapeutic interventions will likely require individualized application
based on disease stage, underlying pathology, and patient-specific molecular characteristics [56].

An important advance over the past decade has been the emergence of high-resolution molecular
profiling technologies, including single-cell RNA sequencing, spatial transcriptomics, proteomics,
metabolomics, and multi-omics integration. These technologies have revealed previously
unrecognized heterogeneity among intestinal epithelial cells, immune populations, endothelial
cells, and stromal compartments during hypoxia [57]. Rather than representing a uniform tissue
response, intestinal hypoxia consists of highly coordinated spatially organized cellular programs
that differ according to anatomical location, disease stage, and local oxygen tension. Such findings
provide new opportunities for precision medicine by enabling identification of disease-specific
molecular signatures and therapeutic targets that would not be detectable using conventional bulk
tissue analysis [58].

Acrtificial intelligence and machine learning are expected to play increasingly important roles in
this field. Integration of multi-omics datasets with clinical variables, imaging findings,
histopathological features, and circulating biomarkers may improve early diagnosis, prognostic
prediction, and therapeutic decision-making. Predictive computational models capable of
identifying patients at highest risk of intestinal ischemia, barrier failure, or progression to multiple
organ dysfunction may facilitate earlier intervention and improve clinical outcomes. Furthermore,
Al-assisted biomarker discovery may accelerate identification of novel diagnostic panels capable
of detecting intestinal hypoxia before irreversible epithelial injury occurs [59].

Despite considerable advances, several important knowledge gaps remain. First, the molecular
determinants governing the transition from adaptive HIF-mediated protection to irreversible
cellular injury remain incompletely understood. Second, the relative contributions of individual
regulated cell death pathways differ substantially among various gastrointestinal disorders and
require further clarification. Third, most mechanistic evidence originates from experimental animal
models, whereas high-quality longitudinal human studies remain relatively scarce. In addition,
standardized biomarkers capable of accurately quantifying intestinal hypoxia, mitochondrial
dysfunction, and epithelial injury in clinical practice have yet to be established. Finally, randomized
clinical trials evaluating targeted therapies directed against hypoxia-responsive pathways remain
limited, preventing widespread clinical implementation despite encouraging preclinical findings.
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CONCLUSION

Hypoxia-induced intestinal cellular injury represents a fundamental pathophysiological
mechanism underlying a broad spectrum of gastrointestinal and systemic disorders. Rather than
being a simple consequence of impaired oxygen delivery, intestinal hypoxia initiates a highly
coordinated cascade of molecular events involving oxygen-sensing pathways, metabolic
reprogramming, mitochondrial dysfunction, oxidative stress, inflammatory amplification,
epithelial barrier disruption, and multiple forms of regulated cell death. Although transient
activation of adaptive responses—particularly those mediated by hypoxia-inducible factors—plays
a critical role in preserving epithelial integrity and maintaining mucosal homeostasis, prolonged or
severe hypoxic stress overwhelms these protective mechanisms, resulting in irreversible cellular
injury and progressive tissue dysfunction.
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Advances in molecular and cellular biology have substantially expanded current understanding
of the complex interactions between epithelial cells, immune populations, endothelial cells, stromal
components, and the intestinal microbiota during hypoxic stress. These findings have redefined
intestinal hypoxia as a dynamic multicellular process rather than an isolated metabolic disturbance.
The intricate crosstalk among HIF signaling, mitochondrial metabolism, reactive oxygen species,
inflammatory pathways, autophagy, and regulated cell death highlights the integrated nature of
intestinal injury and identifies numerous opportunities for therapeutic intervention. Importantly,
preservation of epithelial barrier integrity has emerged as a pivotal therapeutic objective, given its
central role in preventing microbial translocation, systemic inflammation, and multiple organ
dysfunction.

Recent technological advances, including single-cell RNA sequencing, spatial transcriptomics,
proteomics, metabolomics, organoid models, and artificial intelligence-assisted data integration,
are providing unprecedented insight into the spatial and temporal heterogeneity of hypoxia-
responsive cellular programs within the intestinal microenvironment. These approaches are
accelerating the discovery of novel biomarkers capable of facilitating earlier diagnosis, disease
stratification, and individualized therapeutic decision-making. Concurrently, pharmacological
modulation of HIF signaling, mitochondrial protection, antioxidant defense, inflammasome
inhibition, ferroptosis regulation, epithelial regeneration, microbiome restoration, and stem cell-
based therapies represents a promising translational frontier that may significantly improve
outcomes in patients with hypoxia-associated intestinal diseases.

Despite remarkable progress, several important challenges remain. The molecular determinants
governing the transition from adaptive hypoxic signaling to irreversible epithelial injury are not yet
fully understood, and the complex interactions among different regulated cell death pathways
require further clarification. Furthermore, much of the available mechanistic evidence is derived
from experimental models, emphasizing the need for well-designed multicenter clinical studies,
standardized biomarkers, and randomized controlled trials to validate emerging therapeutic
strategies and facilitate their translation into routine clinical practice.
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/" CONCLUSION: |ntestinal hypoxia triggers a complex network of metabolic, mitochondrial, inflammatory and immune pathways, \
@ leading to epithelial injury, barrier failure and disease. Integrated mechanistic understanding and translational 1\ EM!‘
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strategies offer promising avenues to prevent and treat hypoxia-associated intestinal disorders.
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