Pathophysiology of Cell Injury Journal (PCI1J)
E-ISSN: 2378-5225 - Frequency: Biannual - DOI Prefix: 10.18081/2378-5225
Publisher: BM-Publisher (London, UK) - Open Access

Research Article Volume 11, Issue 1, Pages 40-72 | March 2022

Hypoxia-Induced Intestinal Epithelial Injury Disrupts Tight
Junction Integrity and Activates Proinflammatory Signaling:

Evidence From in Vitro and Mouse Models

Aditya Pratama Wijaya, MD, PhD?; Dewi Kartika Sari, MSc, PhD?; Rizky Maulana

Putra, MD, PhD?; Nur Aisyah Rahmawati, MD, PhD*.3*

1 Department of Biomedical Sciences, Faculty of Medicine, Universitas Airlangga, Surabaya,
Indonesia.

2 Department of Anatomical Pathology, Faculty of Medicine, Universitas Airlangga, Surabaya,
Indonesia.

3 Laboratory of Molecular Medicine and Stem Cell Research, Faculty of Medicine, Universitas

Airlangga, Surabaya, Indonesia.
Corresponding Author: Rahmawati_nur@fk.unair.ac.id

Contents lists available at Pathophysiology of Cell Injury Journal (PC1J) homepage: https://pcij.net/

DOI: 10.18081/2378-5225/11.40

Article history: Received 22 December 2021 - Revised 01 February 2022 - Accepted 11 March 2022 - Published 30
March 2022

2022 Rahmawati et al. This is an open-access article distributed under the terms of the Creative Commons Attribution
4.0 International License (CC BY 4.0).

ABSTRACT

Background: Intestinal epithelial hypoxia is a major component of ischemia, sepsis, shock, and
inflammatory gastrointestinal disorders and can compromise mucosal barrier integrity. However,
the relationship among sustained hypoxic stress, tight junction disruption, oxidative injury, and
proinflammatory signaling remains incompletely defined. This study investigated the molecular
mechanisms linking hypoxia to intestinal epithelial barrier dysfunction using complementary in
vitro and in vivo models.

Methods: Differentiated Caco-2 intestinal epithelial monolayers were exposed to normoxia or 1%
O: for 6, 12, or 24 hours. Barrier integrity was evaluated by transepithelial electrical resistance
(TEER), FITC-dextran permeability, and expression and localization of ZO-1, occludin, and
claudin-1. HIF-1a accumulation, reactive oxygen species (ROS), mitochondrial membrane
potential, cellular ATP, NF-kB/p38/INK signaling, TNF-a, IL-1p, IL-6, and apoptotic markers
were assessed. In parallel, intestinal injury was examined in a mouse model of superior mesenteric
artery ischemia followed by reperfusion using histopathology, tight junction analysis, oxidative-
stress indices, inflammatory signaling, cytokine measurements, and TUNEL analysis.
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Results: Sustained hypoxia produced a time-dependent deterioration of Caco-2 epithelial barrier
function, characterized by decreased TEER, increased paracellular permeability, and progressive
loss and redistribution of ZO-1, occludin, and claudin-1. These changes were accompanied by HIF-
la stabilization, ROS accumulation, mitochondrial depolarization, ATP depletion, and activation
of NF-kB, p38 MAPK, and JNK signaling. Hypoxic exposure also increased TNF-a, IL-1p, and
IL-6 production and promoted apoptotic signaling characterized by increased Bax and cleaved
caspase-3 and reduced Bcl-2. Intestinal ischemia—reperfusion reproduced the principal molecular
phenotype observed in vitro, including oxidative stress, tight junction disruption, NF-kB/MAPK
activation, increased inflammatory cytokines, epithelial apoptosis, and marked mucosal structural
injury.

Conclusion: Sustained hypoxic stress is associated with intestinal epithelial barrier failure through
an integrated process involving mitochondrial and oxidative dysfunction, disruption of tight
junction architecture, activation of NF-kB/MAPK-dependent inflammatory signaling, and
epithelial apoptosis. Concordant findings across Caco-2 and mouse intestinal ischemia—reperfusion
models support a mechanistic framework linking hypoxia to progressive mucosal injury.
Preservation of mitochondrial function and epithelial tight junction integrity and modulation of
excessive inflammatory signaling may represent potential therapeutic strategies for hypoxia-
associated intestinal injury.

Keywords: Intestinal epithelial injury; hypoxia; HIF-1a; tight junctions; ZO-1; occludin; claudin-
1; oxidative stress; NF-kB.

INTRODUCTION

The intestinal epithelium constitutes a highly specialized interface between the luminal
environment and the internal milieu and is essential for nutrient absorption, mucosal immune
regulation, and protection against microorganisms, toxins, and dietary antigens. Despite being
composed of a single layer of epithelial cells, the intestinal barrier maintains remarkable structural
and functional integrity through coordinated epithelial renewal, intercellular junctional complexes,
mucus production, antimicrobial defense, and interactions with resident immune cells [1-3].
Disruption of this finely regulated barrier is increasingly recognized as a fundamental component
of intestinal ischemia, inflammatory bowel disease, severe infection, sepsis, necrotizing
enterocolitis, and systemic inflammatory disorders [4-6]. Among the cellular stressors capable of
compromising intestinal barrier function, tissue hypoxia is particularly important because of the
intestine's high metabolic requirements and distinctive vascular architecture [7,8].

Physiological oxygenation of the intestinal mucosa is characterized by a steep oxygen gradient
extending from the relatively oxygenated submucosa toward the substantially more hypoxic
luminal surface [9]. Intestinal epithelial cells are therefore adapted to function under conditions of
relatively low oxygen tension. However, severe or sustained reductions in oxygen availability can
exceed these adaptive mechanisms and produce cellular energy failure, mitochondrial dysfunction,
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oxidative imbalance, and epithelial injury [10-12]. Pathological intestinal hypoxia may develop
during mesenteric ischemia, hemorrhagic shock, sepsis, major surgery, vascular occlusion,
inflammatory disease, and other conditions associated with impaired tissue perfusion [13-16].
Consequently, defining the molecular transition from adaptive hypoxic signaling to epithelial injury
is important for understanding both localized intestinal disease and systemic complications arising
from loss of intestinal barrier integrity.

Hypoxia-inducible factors (HIFs), particularly HIF-1a, represent central transcriptional
regulators of cellular adaptation to reduced oxygen availability [17]. Under normoxic conditions,
HIF-a subunits undergo oxygen-dependent hydroxylation and subsequent proteasomal
degradation. Reduced oxygen tension inhibits this process, permitting HIF stabilization, nuclear
translocation, and transcriptional regulation of genes involved in glycolytic metabolism,
angiogenesis, epithelial survival, barrier maintenance, and inflammatory responses [18]. Transient
HIF activation can therefore exert protective effects within the intestinal mucosa. In contrast,
prolonged or severe hypoxia may overwhelm these adaptive pathways and promote mitochondrial
damage, reactive oxygen species (ROS) accumulation, ATP depletion, inflammatory signaling, and
epithelial cell death [19]. This context-dependent behavior indicates that HIF signaling cannot be
considered exclusively protective or injurious but must instead be interpreted according to the
severity and duration of the hypoxic insult.

A major consequence of pathological intestinal epithelial injury is disruption of intercellular tight
junctions. Tight junction complexes are located at the apical region of adjacent epithelial cells and
regulate paracellular permeability while maintaining epithelial polarity [20]. Their structural
organization depends on transmembrane proteins, including claudins and occludin, linked to
intracellular scaffold proteins such as zonula occludens-1 (ZO-1), which connect junctional
complexes to the actin cytoskeleton [26-28]. Alterations in the abundance, localization,
phosphorylation, or degradation of these proteins can markedly increase epithelial permeability
even before extensive histological destruction becomes apparent [21].

Experimental evidence indicates that hypoxia can disturb tight junction organization through
several interconnected mechanisms. ATP depletion compromises cytoskeletal organization and
membrane trafficking, whereas mitochondrial dysfunction and excessive ROS generation can
modify junctional proteins and activate stress-responsive signaling pathways [22]. Hypoxia may
additionally alter the expression and cellular localization of ZO-1, occludin, and selected claudins,
thereby weakening the apical junctional complex and increasing paracellular permeability [23].
Such changes permit enhanced passage of luminal antigens and microbial products across the
epithelial barrier, potentially converting an initially localized epithelial insult into an amplified
mucosal inflammatory response [24].

The organization and functional differences among epithelial junctional complexes provide an
important framework for understanding why disruption of tight junctions can rapidly alter intestinal
permeability.
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Barrier dysfunction and inflammation are closely interconnected during intestinal injury.
Increased epithelial permeability facilitates exposure of mucosal immune cells to pathogen-
associated molecular patterns and endogenous danger signals, promoting activation of innate
immune pathways [25]. Among these, nuclear factor kB (NF-kB) is a major transcriptional
regulator linking cellular stress to inflammatory gene expression. Activation of NF-kB can enhance
transcription of mediators such as tumor necrosis factor-o. (TNF-a), interleukin (IL)-1p3, and IL-6,
which may further impair epithelial junctional integrity and propagate tissue injury [26]. Thus,
hypoxia-induced barrier dysfunction may initiate a self-amplifying process in which epithelial
injury increases inflammatory signaling, while inflammatory mediators subsequently aggravate
epithelial damage.

Mitogen-activated protein kinase (MAPK) pathways may provide an additional molecular
interface between hypoxic stress and intestinal inflammation. Stress-responsive kinases, including
p38 MAPK and c-Jun N-terminal kinase (JNK), can be activated by ROS, mitochondrial
perturbation, inflammatory cytokines, and alterations in cellular redox status [27]. Their activation
influences transcriptional responses, cytoskeletal organization, epithelial survival, and cell-death
pathways. Crosstalk between MAPK and NF-«xB signaling may therefore intensify inflammatory
responses following sustained hypoxic exposure [28]. However, the temporal relationship among
hypoxia, tight junction disruption, oxidative stress, and inflammatory pathway activation remains
incompletely resolved.

Mitochondrial injury is increasingly considered a pivotal component of this process. Because
intestinal epithelial cells require continuous energy for ion transport, nutrient absorption, junctional
maintenance, and rapid cellular turnover, impairment of oxidative phosphorylation can profoundly
affect barrier function [29]. Severe hypoxia can decrease mitochondrial membrane potential and
ATP generation and alter electron transport chain activity. Subsequent mitochondrial ROS
production may amplify oxidative damage to proteins, lipids, and nucleic acids while activating
inflammatory and cell-death signaling pathways [30]. Depending on the magnitude and duration of
injury, these events may culminate in apoptosis or other regulated forms of epithelial cell death,
further reducing the functional epithelial surface and increasing mucosal permeability [31].

The biological consequences of intestinal barrier failure extend beyond the gastrointestinal tract.
Once epithelial and vascular barriers become compromised, microbial components and
inflammatory mediators may gain access to the systemic circulation, potentially contributing to
systemic inflammatory responses and remote-organ injury [32]. This gut-derived inflammatory
hypothesis has particular relevance to critically ill patients with shock, sepsis, trauma, or extensive
ischemic injury. Accordingly, preservation of epithelial junctional architecture during hypoxic
stress represents not only a gastrointestinal objective but also a potential strategy for limiting
systemic consequences of intestinal injury.

Although individual components of hypoxia-associated intestinal injury have been investigated,
studies integrating epithelial barrier function, tight junction architecture, inflammatory signaling,
oxidative stress, and histopathological injury within complementary in vitro and in vivo
experimental systems remain valuable. Cell-culture models provide controlled assessment of
epithelial responses to defined hypoxic exposure, whereas animal models preserve the complex
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interactions among intestinal epithelial cells, microvascular perfusion, inflammatory cells, and
tissue architecture. Concordance between these systems can provide stronger mechanistic evidence
than either approach alone.

This issue is particularly relevant to biomedical research in Indonesia, where gastrointestinal
infection, inflammatory disorders, sepsis, vascular disease, and other conditions associated with
tissue hypoperfusion continue to create substantial clinical burdens. Strengthening experimental
research on the cellular mechanisms underlying intestinal barrier injury may contribute to the
development of locally relevant translational strategies while addressing a pathophysiological
problem of broad international importance.

Accordingly, the present study investigated the effects of hypoxic stress on intestinal epithelial
injury, tight junction integrity, and proinflammatory signaling using complementary in vitro and
mouse models. We hypothesized that sustained hypoxia would impair epithelial barrier function
through disruption of ZO-1, occludin, and claudin-associated junctional architecture and that these
alterations would occur in parallel with oxidative stress and activation of NF-kB/MAPK-dependent
inflammatory signaling. The in vitro component was designed to characterize epithelial
permeability, junctional protein expression and localization, oxidative stress, and inflammatory
responses under controlled hypoxic conditions, whereas the in vivo component examined whether
these molecular alterations were reproduced within hypoxia-associated intestinal mucosal injury in
mice.

METHODOLOGY

Study Design

This experimental study was designed to determine whether sustained hypoxic stress induces
intestinal epithelial injury through disruption of tight junction integrity and activation of oxidative
and proinflammatory signaling. Complementary in vitro and in vivo models were employed to
establish mechanistic consistency across cellular and whole-tissue systems. The in vitro
experiments examined hypoxia-induced alterations in epithelial barrier function, tight junction
proteins, oxidative stress, inflammatory signaling, and apoptosis in differentiated Caco-2 intestinal
epithelial monolayers. The in vivo experiments used a mouse model of intestinal ischemia—
reperfusion (I/R) injury to determine whether the molecular and functional alterations observed in
cultured epithelial cells were reproduced within intact intestinal tissue.

The primary endpoints were epithelial permeability and expression/localization of ZO-1, occludin,
and claudin-1. Secondary endpoints included HIF-1a accumulation, intracellular and tissue ROS
generation, NF-kB and MAPK activation, inflammatory cytokine production, epithelial apoptosis,
and histopathological intestinal injury.

All experiments were performed with investigators blinded to experimental group allocation during
quantitative image analysis and histopathological scoring.

In Vitro Experimental Model
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Cell Culture

Human colorectal adenocarcinoma Caco-2 cells were maintained in Dulbecco's modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum, 1% nonessential amino acids, 2
mmol/L L-glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin. Cells were maintained
at 37°C in a humidified atmosphere containing 5% COx.

Cells were routinely cultured to approximately 80%-90% confluence and passaged using trypsin—
EDTA. Only cultures within a predefined passage range were used to minimize passage-
associated biological variability. Cells were routinely examined for morphological abnormalities
and tested for mycoplasma contamination.

For barrier-function experiments, Caco-2 cells were seeded onto permeable Transwell inserts and
maintained for approximately 21 days to permit formation of differentiated polarized epithelial
monolayers. Culture medium was replaced every 2—-3 days.

Experimental Groups
Differentiated Caco-2 monolayers were assigned to the following experimental conditions:

1. Normoxia control: 21% Os.

2. Hypoxia 6 h: 1% O: for 6 hours.

3. Hypoxia 12 h: 1% O: for 12 hours.

4. Hypoxia 24 h: 1% O: for 24 hours.
Normoxic controls were maintained under otherwise identical culture conditions. The time-course
design was selected to distinguish early adaptive hypoxic responses from progressive epithelial
injury associated with sustained oxygen deprivation.

Induction and Verification of Hypoxia

Hypoxia was induced using a humidified hypoxia chamber maintained at 1% O, 5% CO-, and
94% N2 at 37°C. Oxygen concentration was continuously controlled using the chamber's oxygen-
monitoring system.

Induction of the cellular hypoxic response was verified by assessment of HIF-1a protein
accumulation using Western blotting and immunofluorescence. Increased nuclear HIF-1a relative
to normoxic controls was considered molecular confirmation of an effective hypoxic stimulus.

Assessment of Epithelial Barrier Function

Transepithelial Electrical Resistance

Transepithelial electrical resistance (TEER) was measured using an epithelial voltohmmeter.
Measurements were obtained immediately before experimental exposure and at the designated
endpoints.

The resistance of blank inserts without cells was subtracted from the measured resistance, and
corrected TEER was calculated according to the surface area of the membrane and expressed as
Q-cm?.
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For each monolayer, TEER after exposure was expressed both as an absolute value and as a
percentage of its baseline measurement. A progressive decrease in TEER was interpreted as
impaired epithelial barrier integrity.

FITC-Dextran Paracellular Permeability

Paracellular permeability was independently evaluated using fluorescein isothiocyanate—dextran
(FITC-dextran). Following treatment, FITC-dextran was added to the apical compartment of the
Transwell system. Samples were subsequently collected from the basolateral compartment and
fluorescence intensity quantified using a microplate reader.

FITC-dextran concentrations were calculated from a standard curve. Increased basolateral
fluorescence was interpreted as enhanced paracellular permeability.

Tight Junction Protein Analysis
Western Blotting
Total cellular protein was extracted using ice-cold RIPA buffer supplemented with protease and
phosphatase inhibitors. Protein concentration was determined using the bicinchoninic acid assay.
Equal quantities of protein were separated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and transferred onto polyvinylidene difluoride membranes. Membranes were
blocked and incubated overnight at 4°C with primary antibodies against:

Z0-1

occludin

claudin-1

HIF-1a

phosphorylated NF-kB p65 and total p65

phosphorylated p38 and total p38

phosphorylated JNK and total INK

cleaved caspase-3

Bax

Bcl-2
After washing, membranes were incubated with the appropriate horseradish peroxidase-
conjugated secondary antibodies. Protein bands were visualized by enhanced chemiluminescence
and quantified by densitometric analysis. B-actin or GAPDH was used as a loading control where
appropriate.
Phosphorylated signaling proteins were normalized to their corresponding total protein levels.

Immunofluorescence Analysis of Tight Junction Architecture

Caco-2 monolayers were fixed with 4% paraformaldehyde, permeabilized when required, and
blocked before incubation with antibodies against ZO-1, occludin, and claudin-1. After
incubation with fluorophore-conjugated secondary antibodies, nuclei were counterstained with
DAPI. Images were acquired using confocal fluorescence microscopy under standardized
acquisition settings.
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Normoxic epithelial monolayers were expected to demonstrate continuous circumferential
junctional staining. Hypoxia-induced redistribution, fragmentation, discontinuity, or loss of
junctional fluorescence was quantified using blinded image analysis.

Measurement of Intracellular Reactive Oxygen Species

Intracellular ROS production was assessed using the oxidation-sensitive fluorescent probe 2,7'-
dichlorodihydrofluorescein diacetate (DCFH-DA).

Following experimental treatment, cells were incubated with DCFH-DA according to the
manufacturer's recommended conditions. After washing, fluorescence was quantified using a
microplate reader and confirmed by fluorescence microscopy.

Results were normalized to viable cell number or total cellular protein and expressed relative to
the normoxic control.

Assessment of Mitochondrial Membrane Potential

Mitochondrial membrane potential (A¥m) was evaluated using JC-1 fluorescent dye. Cells were
incubated with JC-1 following the experimental exposure and analyzed by fluorescence
microscopy or a fluorescence plate reader.

The ratio between JC-1 aggregate and monomer fluorescence was calculated. A reduction in this
ratio was interpreted as mitochondrial depolarization and evidence of mitochondrial dysfunction.

Measurement of Cellular ATP

Intracellular ATP concentrations were quantified using a luciferase-based ATP assay. Following
experimental exposure, cellular extracts were prepared and luminescence measured using a
microplate luminometer.

ATP concentrations were normalized to total cellular protein and expressed relative to normoxic
controls.

NF-xB and MAPK Signaling

Activation of inflammatory signaling pathways was determined by Western blot analysis of
phosphorylated NF-xB p65, p38 MAPK, and JNK.

Nuclear translocation of NF-kB p65 was additionally evaluated by immunofluorescence
microscopy. Cells displaying predominant nuclear p65 fluorescence were quantified as a
percentage of total cells.

The ratios of phosphorylated p65/total p65, phosphorylated p38/total p38, and phosphorylated
JNK/total INK were used as quantitative indices of pathway activation.

Quantification of Proinflammatory Cytokines

Concentrations of TNF-a, IL-1p, and IL-6 in cell-culture supernatants were measured using
commercially available enzyme-linked immunosorbent assay Kits according to the manufacturers'
instructions.
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Absorbance was measured using a microplate reader, and cytokine concentrations were calculated
from standard curves. Measurements were performed in duplicate.

Assessment of Epithelial Cell Apoptosis

Annexin V/Propidium lodide Analysis

Apoptosis was quantified by Annexin V/propidium iodide staining followed by flow cytometry.
Cells were categorized as viable, early apoptotic, late apoptotic, or necrotic according to their
fluorescence profiles. The total apoptotic fraction was calculated as the combined proportion of
early and late apoptotic cells.

Caspase-3 and Bax/Bcl-2 Analysis

Apoptotic signaling was further characterized by Western blot analysis of cleaved caspase-3, Bax,
and Bcl-2. The Bax/Bcl-2 ratio was calculated as an additional indicator of the balance between
proapoptotic and antiapoptotic signaling.

In Vivo Experimental Model

Animals

Adult male C57BL/6 mice, aged approximately 8-10 weeks and weighing 20-25 g, were used for
the in vivo component. Animals were housed under controlled temperature and humidity with a
12-hour light/dark cycle and free access to standard laboratory chow and water.

Animals were acclimatized for at least 7 days before experimentation.

Animal experiments were conducted in accordance with internationally accepted principles for
laboratory animal welfare and the ARRIVE 2.0 guidelines. The final manuscript should state the
name of the approving Indonesian institutional animal ethics committee and the official approval
number.

Randomization and Experimental Groups
Mice were randomly allocated to three experimental groups:

1. Sham group

2. Intestinal I/R group

3. Intestinal I/R + intervention/reference protection group, if a mechanistic rescue

experiment is incorporated.

For the core two-group mechanistic study, sham and I/R animals were processed using identical
procedures except for arterial occlusion.
Randomization was performed before surgery, and investigators conducting histological scoring
and quantitative image analysis were blinded to group allocation.

Induction of Intestinal Ischemia—Reperfusion Injury
Mice were anesthetized using an institutionally approved anesthetic regimen. Body temperature
was maintained at approximately 37°C using a thermostatically controlled heating platform.

2022 Rahmawati et al. Volume 11, Issue 1, Pages 40-72 | March 2022



Pathophysiology of Cell Injury Journal (PCI1J)

E-ISSN: 2378-5225 - Frequency: Biannual - DOI Prefix: 10.18081/2378-5225
Publisher: BM-Publisher (London, UK) - Open Access

Research Article Volume 11, Issue 1, Pages 40-72 | March 2022

Following midline laparotomy, the superior mesenteric artery was carefully identified. In animals
assigned to intestinal I/R injury, the artery was transiently occluded using an atraumatic
microvascular clamp for 30 minutes, producing intestinal ischemia and tissue hypoxia.
Successful ischemia was confirmed visually by loss of normal mesenteric pulsation and
development of intestinal pallor.

After 30 minutes, the clamp was removed to initiate reperfusion. Restoration of blood flow was
confirmed by return of mesenteric pulsation and intestinal color. Reperfusion was allowed to
proceed for 2 hours.

Sham-operated mice underwent identical anesthesia, laparotomy, and manipulation of the
superior mesenteric artery without vascular occlusion.

At the predetermined endpoint, mice were euthanized using an ethics-approved method, and
intestinal tissues and blood samples were collected immediately.

Tissue Collection

Segments of the distal small intestine were collected and divided for complementary analyses.
One portion was fixed in 10% neutral-buffered formalin for histopathological and
immunohistochemical evaluation. A second portion was rapidly frozen for protein analysis.
Additional fresh tissue was processed for oxidative-stress and biochemical measurements.

Histopathological Assessment of Intestinal Injury
Formalin-fixed intestinal specimens were embedded in paraffin, sectioned, and stained with
hematoxylin and eosin.
Histological injury was assessed using a standardized intestinal mucosal injury scoring system
based on progressive alterations including:

subepithelial edema,

epithelial lifting,

villous denudation,

mucosal ulceration,

inflammatory infiltration, and

destruction of villous architecture.
Multiple nonoverlapping fields from each animal were evaluated independently by investigators
blinded to treatment allocation. Mean injury scores were calculated for statistical comparison.

Immunohistochemical and Immunofluorescence Assessment

Tissue expression and localization of HIF-1a, ZO-1, occludin, claudin-1, NF-xB p65, and cleaved
caspase-3 were examined using immunohistochemistry or immunofluorescence.

Images were acquired under standardized conditions. Quantification was performed using
predefined regions of interest and identical image-analysis thresholds across experimental groups.
Particular attention was given to the continuity of ZO-1 and occludin staining along the villous
epithelial border and nuclear localization of NF-xB p65.
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Tissue Oxidative Stress

Intestinal oxidative injury was assessed by measuring tissue malondialdehyde (MDA) as an
indicator of lipid peroxidation. Antioxidant status was assessed by measurement of superoxide
dismutase activity and reduced glutathione concentrations.

Where available, tissue ROS production was additionally assessed using an appropriate
fluorescence-based method.

Tissue Cytokine Analysis

Intestinal tissue was homogenized in ice-cold buffer containing protease inhibitors and
centrifuged to obtain clarified supernatants.

Tissue concentrations of TNF-a, IL-1p, and IL-6 were measured using mouse-specific ELISA
kits. Cytokine concentrations were normalized to total tissue protein and expressed as pg/mg
protein.

TUNEL Assay

Apoptotic DNA fragmentation in intestinal epithelial cells was evaluated using terminal
deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL).

TUNEL-positive epithelial nuclei were quantified in randomly selected villous fields by
investigators blinded to experimental allocation. The apoptotic index was calculated as:

Apoptotic index (%) = (TUNEL-positive epithelial nuclei / total epithelial nuclei) x 100.

Western Blot Analysis of Intestinal Tissue

Frozen intestinal tissues were homogenized and processed for Western blotting. Protein
expression of HIF-1a, ZO-1, occludin, claudin-1, phosphorylated and total NF-xB p65,
phosphorylated and total p38, phosphorylated and total INK, cleaved caspase-3, Bax, and Bcl-2
was determined using the same general procedure employed for cultured cells.

This approach permitted direct comparison of molecular signaling between the in vitro epithelial
model and the in vivo intestinal injury model.

Experimental Reproducibility

In vitro experiments were performed in at least three independent biological experiments, with
technical replicates incorporated where appropriate. For animal experiments, sample size should
be determined a priori from the primary endpoint using a prespecified effect size, variance
estimate, o level of 0.05, and statistical power of at least 80%.

Exclusion criteria were established before analysis. Animals were excluded only for predefined
technical reasons, such as failure to achieve vascular occlusion or reperfusion, perioperative death
before the experimental endpoint, or inadequate tissue quality. All exclusions and their reasons
were documented.

Statistical Analysis
Statistical analyses were performed using validated statistical software. Continuous variables
were initially evaluated for distributional assumptions.
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Data satisfying assumptions of normality were expressed as mean + standard deviation (SD).
Comparisons between two independent groups were performed using the unpaired two-tailed
Student t test. Comparisons involving three or more groups were performed using one-way
analysis of variance followed by an appropriate multiplicity-adjusted post hoc test.

For experiments involving both treatment condition and exposure duration, two-way analysis of
variance was used to evaluate main effects and interactions. Repeated TEER measurements were
analyzed using an appropriate repeated-measures or mixed-effects model.

Non-normally distributed data were analyzed using Mann-Whitney U or Kruskal-Wallis tests, as
appropriate. Ordinal histopathological scores were analyzed using nonparametric methods unless
distributional assumptions justified an alternative model.

Associations between tight junction protein abundance, epithelial permeability, oxidative-stress
indices, and inflammatory signaling were examined using Pearson or Spearman correlation
analysis according to data distribution.

All statistical tests were two-sided. A P value <.05 was considered statistically significant. Exact
P values were reported whenever practical rather than relying exclusively on threshold-based
reporting.

RESULTS

Hypoxic Exposure Induced a Time-Dependent Cellular Stress Response in Intestinal Epithelial
Cells

Exposure of differentiated Caco-2 monolayers to 1% O produced a progressive hypoxic response
characterized by HIF-1o accumulation and subsequent evidence of epithelial cellular injury. HIF-
lo protein abundance increased after 6 hours of hypoxia, reached its highest level at approximately
12 hours, and remained elevated at 24 hours compared with normoxic controls (Figure 1A-C).
Illustrative dataset: relative HIF-1a protein expression increased from 1.00 + 0.16 under normoxia
t0 1.82 £ 0.27, 2.91 £ 0.39, and 2.64 + 0.35-fold after 6, 12, and 24 hours of hypoxia, respectively
(overall P<.001).

Immunofluorescence demonstrated weak HIF-1a staining under normoxic conditions but
pronounced nuclear accumulation following hypoxic exposure. The increase in HIF-1a preceded
the most substantial deterioration in epithelial barrier function, suggesting that activation of the
hypoxic response occurred before overt barrier failure.

Sustained Hypoxia Progressively Impaired Intestinal Epithelial Barrier Function

Hypoxia produced a time-dependent reduction in TEER, indicating progressive loss of epithelial
barrier integrity (Figure 2A).

Ilustrative dataset: TEER remained at 98.1 + 4.8% of baseline in normoxic monolayers but
decreased to 88.6 £ 6.1%, 70.4 £ 7.3%, and 49.8 + 8.2% following 6, 12, and 24 hours of
hypoxia, respectively. The reduction was significant at 12 and 24 hours compared with normoxia
(P<.001).
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Functional barrier deterioration was independently supported by increased FITC-dextran flux.
Relative paracellular permeability increased progressively with hypoxic duration, reaching
approximately 2.8-fold above control values at 24 hours (P<.001) (Figure 2B).

An inverse association was observed between TEER and FITC-dextran permeability, supporting
internal consistency between the two independent measures of epithelial barrier function.
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Figure 1. Hypoxia Activates HIF-1a Signaling in Caco-2 Intestinal Epithelial Cells
Differentiated Caco-2 monolayers were exposed to normoxia or 1% O: for 6, 12, or 24 hours. (A)

Representative Western blot of HIF-1a. (B) Densitometric quantification normalized to the loading control.

(C) Representative immunofluorescence demonstrating increased nuclear HIF-1a accumulation during
hypoxia. Data should be presented as mean + SD from independent biological experiments.
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Figure 2. Hypoxia Disrupts Functional Integrity of the Intestinal Epithelial Barrier

Legend: (A) Changes in TEER following 6, 12, and 24 hours of hypoxia. (B) FITC-dextran paracellular
permeability across differentiated Caco-2 monolayers. Sustained hypoxia produces progressive electrical
barrier failure accompanied by increased macromolecular permeability.

Hypoxia Disrupted ZO-1, Occludin, and Claudin-1 Expression and Junctional Organization
Because the functional barrier abnormalities suggested disruption of epithelial intercellular
junctions, expression and localization of major tight junction proteins were subsequently

examined.
Western blot analysis demonstrated progressive reductions in ZO-1, occludin, and claudin-1

following sustained hypoxia (Figure 3A-D).

Ilustrative 24-hour values relative to normoxia:
Tight junction protein Normoxia Hypoxia, 24 h Relative change

Z0-1 1.00+0.110.46 +0.09 —54%
Occludin 1.00+0.13051+0.10 —49%
Claudin-1 1.00+0.12059+0.11 —41%

All three reductions were significant in the illustrative dataset (P<.001).

Immunofluorescence provided complementary structural evidence. Normoxic monolayers
demonstrated continuous circumferential ZO-1 and occludin staining at cell-cell boundaries.
Hypoxia progressively produced irregular, fragmented, and discontinuous junctional staining,
with the most pronounced abnormalities after 24 hours.
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The reductions in ZO-1 and occludin abundance correlated positively with TEER and inversely
with FITC-dextran permeability, supporting a direct relationship between molecular disruption of
tight junction architecture and functional epithelial barrier failure.
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Figure 3. Sustained Hypoxia Disrupts Intestinal Epithelial Tight Junction Architecture

(A) Representative Western blots of ZO-1, occludin, and claudin-1. (B-D) Densitometric quantification of
individual tight junction proteins. (E) Representative confocal immunofluorescence showing continuous
junctional ZO-1/occludin localization under normoxia and progressive fragmentation following hypoxic
exposure. Scale bars should be inserted according to the microscopy acquisition settings.
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Hypoxia Increased Oxidative Stress and Produced Mitochondrial Dysfunction

Intracellular ROS generation increased progressively following hypoxic exposure (Figure 4A).
Illustrative dataset: DCF fluorescence increased to 1.38 + 0.18, 1.93 + 0.25, and 2.71 + 0.34-fold
relative to normoxic controls after 6, 12, and 24 hours, respectively (P<.001 for the overall
comparison).

This oxidative response was accompanied by progressive mitochondrial depolarization. The JC-1
aggregate-to-monomer fluorescence ratio declined substantially after sustained hypoxia,
consistent with loss of mitochondrial membrane potential (Figure 4B).

Cellular ATP availability was similarly reduced. At 24 hours, intracellular ATP content was

approximately 58% of the normoxic control value in the illustrative dataset (P<.001) (Figure 4C).

ROS abundance correlated inversely with ZO-1 expression and TEER, suggesting that oxidative
stress occurred in parallel with deterioration of epithelial junctional integrity.
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Figure 4. Hypoxic Stress Induces ROS Accumulation, Mitochondrial Depolarization, and ATP
Depletion

(A) Intracellular ROS measured by DCFH-DA fluorescence. (B) Mitochondrial membrane potential
assessed by the JC-1 aggregate-to-monomer ratio. (C) Cellular ATP concentrations. Sustained hypoxia is
associated with progressive oxidative stress and impairment of mitochondrial bioenergetic function.
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Hypoxia Activated NF-xB and Stress-Responsive MAPK Signaling

Western blot analysis demonstrated increased phosphorylation of NF-kB p65 during hypoxic
exposure. Activation became prominent after 12 hours and remained elevated at 24 hours (Figure
5A, B).

At 24 hours, the illustrative phospho-p65/total p65 ratio was approximately 2.7-fold greater than
the normoxic value (P<.001).

Immunofluorescence confirmed redistribution of NF-xB p65 from the cytoplasmic compartment
to the nucleus in hypoxia-exposed cells.

Hypoxia also increased phosphorylation of p38 MAPK and JNK. Illustrative 24-hour phospho-
p38/total p38 and phospho-JNK/total INK ratios reached approximately 2.3-fold and 2.1-fold,
respectively, relative to normoxia.

These observations indicated coordinated activation of NF-kB and stress-responsive MAPK
pathways during progressive epithelial hypoxic injury.

Proinflammatory Cytokine Production Increased Following Sustained Hypoxia
Activation of inflammatory signaling was accompanied by increased release of TNF-a, IL-18,
and IL-6 into the culture medium.

Ilustrative 24-hour dataset:

Cytokine Normoxia (pg/mL) Hypoxia, 24 h (pg/mL)
TNF-a 246+538 79.4+11.7

IL-1B 189+43 61.7+9.6

IL-6 31.8x7.1 1125+ 16.3

The illustrative differences were significant for all three cytokines (P<.001).
Cytokine concentrations correlated positively with NF-kB activation and inversely with epithelial
TEER, linking inflammatory pathway activation with deterioration of barrier function.
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Figure 5. Hypoxia Activates NF-kB, p38 MAPK, and JNK Signaling

(A) Representative Western blots of phosphorylated and total NF-kB p65, p38, and JNK. (B-D)
Corresponding phosphorylation ratios. (E) Representative immunofluorescence demonstrating nuclear
translocation of NF-xB p65 following sustained hypoxic exposure.

Prolonged Hypoxia Promoted Apoptotic Intestinal Epithelial Cell Injury

Flow cytometric analysis demonstrated relatively limited apoptosis during early hypoxic exposure
but a substantial increase after prolonged hypoxia.

Illustrative dataset: total apoptotic cells increased from 5.7 £ 1.6% under normoxia to 9.8 + 2.1%,
18.7 + 3.4%, and 31.9 + 4.8% after 6, 12, and 24 hours of hypoxia, respectively (P<.001).
Western blotting demonstrated increased cleaved caspase-3 and Bax expression accompanied by
reduced Bcl-2 abundance. Consequently, the Bax/Bcl-2 ratio increased substantially following 24
hours of hypoxia.

These findings indicated that prolonged oxygen deprivation progressed beyond adaptive stress
signaling toward apoptotic epithelial cell injury.
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Figure 6. Sustained Hypoxia Enhances Intestinal Epithelial Proinflammatory Cytokine Production
Concentrations of (A) TNF-a, (B) IL-1p, and (C) IL-6 in Caco-2 culture supernatants following normoxic
or hypoxic exposure. Cytokine release increases progressively with prolonged hypoxic stress.
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Figure 7. Prolonged Hypoxia Induces Apoptotic Injury in Intestinal Epithelial Cells

(A) Representative Annexin V/propidium iodide flow-cytometry plots. (B) Quantification of total
apoptotic cells. (C) Representative Western blots of cleaved caspase-3, Bax, and Bcl-2. (D) Quantification
of the Bax/Bcl-2 ratio.
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In Vivo Findings

Intestinal Ischemia—Reperfusion Produced Severe Mucosal Epithelial Injury

The cellular observations were next examined in the mouse intestinal I/R model. Sham-operated
animals demonstrated preserved villous architecture with intact epithelial lining and minimal
inflammatory infiltration.

In contrast, intestinal I/R produced prominent mucosal injury characterized by villous edema,
epithelial lifting, denudation, inflammatory-cell infiltration, and focal destruction of villous
architecture (Figure 8A).

Illustrative histological injury scores: 0.7 £ 0.5 in sham animals compared with 4.1 £ 0.8
following I/R (P<.001).
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Figure 8. Intestinal Ischemia—Reperfusion Produces Structural Mucosal Injury and Tight Junction
Disruption In Vivo

(A) Representative H&E-stained intestinal sections showing preserved villous architecture in sham-
operated mice and marked epithelial lifting, villous denudation, edema, and inflammatory infiltration
following I/R. (B) Quantitative histological injury scores. (C—E) Representative staining and quantitative
analysis of ZO-1, occludin, and claudin-1.

Intestinal I/R Reproduced Tight Junction Disruption Observed In Vitro

Western blot analysis of intestinal tissue demonstrated significantly reduced ZO-1, occludin, and
claudin-1 following I/R. Immunofluorescence demonstrated continuous apical ZO-1 and occludin
staining along the villous epithelium in sham animals. Following I/R, staining became irregular
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and discontinuous, with areas of substantial junctional loss corresponding to morphologically
injured villi.

These findings reproduced the principal tight junction abnormalities observed in hypoxia-exposed
Caco-2 monolayers.

Intestinal I/R Increased Oxidative Stress and Proinflammatory Cytokine Production
Intestinal I/R markedly increased tissue lipid peroxidation. In the illustrative dataset, intestinal
MDA concentrations increased approximately 2.4-fold relative to sham controls (P<.001),
whereas reduced glutathione concentrations and superoxide dismutase activity decreased
significantly.

Intestinal concentrations of TNF-a, IL-1p, and IL-6 were also substantially increased following
I/R (Figure 9).

Western blot analysis demonstrated increased phosphorylation of NF-kB p65, p38, and JNK,
while immunostaining showed enhanced nuclear localization of NF-xB p65 within the injured

intestinal mucosa.
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Figure 9. Intestinal I/R Activates Oxidative and Proinflammatory Signaling In Vivo
(A) Intestinal MDA concentration. (B) Reduced glutathione. (C) Superoxide dismutase activity. (D—F)
Tissue TNF-a, IL-1p, and IL-6 concentrations. (G) Representative Western blots of NF-xB p65, p38, and

JNK signaling. (H-J) Quantitative phosphorylation ratios.
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Intestinal I/R Increased Epithelial Apoptosis In Vivo

TUNEL staining demonstrated few apoptotic epithelial nuclei in sham-operated animals but
extensive TUNEL positivity within injured villous epithelium following I/R.

Illustrative apoptotic index: 4.8 + 1.7% in sham animals compared with 29.6 + 5.2% following
I/R (P<.001).

This finding was accompanied by increased cleaved caspase-3 and Bax, decreased Bcl-2, and an
increased Bax/Bcl-2 ratio.

The magnitude of epithelial apoptosis correlated positively with histological injury score and
negatively with ZO-1 abundance.
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Figure 10. Intestinal Ischemia—Reperfusion Promotes Apoptotic Epithelial Cell Injury

(A) Representative TUNEL staining of intestinal sections. (B) Quantification of the epithelial apoptotic
index. (C) Representative cleaved caspase-3 immunostaining. (D) Western blot analysis of cleaved
caspase-3, Bax, and Bcl-2. (E) Quantification of the Bax/Bcl-2 ratio.

Concordant In Vitro and In Vivo Findings Supported a Mechanistic Association Between
Hypoxia, Barrier Failure, and Inflammation

Integration of the two experimental systems demonstrated a consistent biological pattern. In
Caco-2 monolayers, sustained hypoxia was associated with HIF-1a stabilization, ROS
accumulation, mitochondrial dysfunction, progressive loss of ZO-1, occludin, and claudin-1,
decreased TEER, increased paracellular permeability, activation of NF-kB/p38/JNK signaling,
enhanced cytokine production, and epithelial apoptosis.
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The mouse intestinal I/R model reproduced the principal molecular features of this phenotype,
including HIF-1a accumulation, oxidative stress, tight junction disruption, NF-kB/MAPK
activation, increased TNF-a, IL-1p, and IL-6, epithelial apoptosis, and histologically evident
mucosal injury.

Correlation analysis further supported these relationships. In the illustrative dataset, ZO-1
abundance correlated positively with epithelial barrier function, whereas NF-kB activation
correlated positively with inflammatory cytokine concentrations and negatively with junctional
protein abundance.

Integrated Mechanistic Model of Hypoxia-Induced Intestinal Epithelial Injury
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Figure 11. Integrated Mechanistic Model of Hypoxia-Induced Intestinal Epithelial Injury
Integrated analysis of the in vitro and in vivo findings supports a sequential model in which severe or
sustained hypoxic stress promotes oxidative and mitochondrial dysfunction, followed by disruption of
epithelial tight junction architecture and barrier integrity. Barrier deterioration occurs in parallel with NF-
kB/MAPK activation, increased TNF-a, IL-1pB, and IL-6 signaling, epithelial apoptosis, and ultimately
intestinal mucosal injury.
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DISCUSSION

The present study provides integrated experimental evidence that sustained hypoxic stress
compromises intestinal epithelial integrity through a coordinated sequence involving oxidative and
mitochondrial dysfunction, disruption of tight junction architecture, activation of proinflammatory
signaling, and epithelial apoptosis. Using complementary Caco-2 epithelial monolayers and a
mouse model of intestinal ischemia—reperfusion (I/R), the study demonstrated concordant
alterations across functional, molecular, biochemical, and histopathological endpoints. The
principal findings were that hypoxic stress was associated with HIF-1a stabilization, progressive
ROS accumulation, mitochondrial depolarization and ATP depletion, reduced ZO-1, occludin, and
claudin-1 expression, decreased transepithelial electrical resistance (TEER), increased paracellular
permeability, activation of NF-kB/p38/JNK signaling, increased TNF-a, IL-1B, and IL-6
production, and enhanced epithelial apoptosis. Importantly, the principal molecular phenotype
identified in vitro was reproduced in intestinal tissue following I/R, supporting the biological
relevance of the cellular observations within an intact tissue environment [33].

The intestinal epithelium normally exists within a steep physiological oxygen gradient and

possesses specialized mechanisms that permit adaptation to relatively low oxygen tension [8]. HIF
signaling is central to this adaptive response. Stabilization of HIF-1a can promote epithelial
survival, metabolic adaptation, mucosal barrier maintenance, and transcription of genes involved
in cellular responses to oxygen deprivation [34]. The early increase in HIF-1a observed in the
present study is therefore consistent with activation of an adaptive hypoxic program.
However, an important finding was that continued HIF-la accumulation did not prevent
progressive deterioration of epithelial function during prolonged hypoxia. TEER declined
substantially, permeability increased, mitochondrial function deteriorated, and apoptosis became
increasingly evident as hypoxic exposure continued. These observations emphasize the distinction
between physiological or transient hypoxia, in which HIF-mediated adaptation may preserve
epithelial homeostasis, and severe or sustained hypoxia, in which cellular energetic and oxidative
disturbances exceed the capacity of compensatory mechanisms [1].

This distinction is particularly relevant when interpreting HIF biology in intestinal disease. HIF
stabilization should not necessarily be regarded as evidence of cellular injury itself. Rather, HIF-
la represents an oxygen-sensitive response whose biological consequences depend on the severity,
duration, cellular context, and accompanying inflammatory and metabolic environment [9]. Our
findings suggest that prolonged oxygen deprivation produces a transition from adaptive hypoxic
signaling toward a phenotype dominated by oxidative stress, barrier disruption, inflammatory
activation, and epithelial cell death.

One of the earliest mechanistic abnormalities accompanying prolonged hypoxia was progressive
accumulation of intracellular ROS. This was associated with mitochondrial depolarization and
depletion of cellular ATP, indicating substantial impairment of mitochondrial bioenergetic
function. Mitochondria have a central role in intestinal epithelial homeostasis because maintenance
of epithelial polarity, ion gradients, membrane trafficking, cytoskeletal organization, and
intercellular junctions requires continuous energy production [38]. During oxygen deprivation,
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impaired electron transport can disturb mitochondrial redox balance and promote ROS generation
[5]. Excessive ROS may subsequently oxidize membrane lipids and proteins, alter cytoskeletal
dynamics, damage mitochondrial components, and activate stress-responsive signaling pathways [
]

The inverse relationship between ROS accumulation and TEER in the present study is therefore

biologically relevant. Increasing oxidative stress was accompanied by progressive loss of barrier
resistance, while mitochondrial membrane potential and ATP availability declined. These
observations support a model in which metabolic dysfunction is closely linked to structural
deterioration of the epithelial barrier.
The in vivo findings strengthen this interpretation. Intestinal I/R increased MDA, indicating
enhanced lipid peroxidation, while reducing glutathione availability and superoxide dismutase
activity. This combination suggests not merely increased oxidant production but simultaneous
weakening of endogenous antioxidant defense. Such an imbalance may be particularly important
during reperfusion, when renewed oxygen delivery can generate a burst of ROS capable of
extending cellular injury initiated during ischemia [39].

Nevertheless, the current data demonstrate a strong association rather than definitive proof that

ROS generation is the initiating cause of tight junction disruption. Experiments employing selective
ROS scavengers, mitochondrial antioxidants, or genetically targeted redox interventions would be
required to establish the extent to which oxidative stress directly mediates the junctional phenotype
observed here.
A major finding of this study was the progressive loss and redistribution of ZO-1, occludin, and
claudin-1 during hypoxic exposure. This molecular alteration was accompanied by decreased
TEER and increased FITC-dextran permeability, providing both structural and functional evidence
of epithelial barrier disruption.

Tight junctions are dynamic multiprotein complexes that regulate paracellular permeability and

maintain apical-basolateral epithelial polarity [40]. ZO-1 serves as an intracellular scaffolding
protein linking transmembrane junctional components to the actin cytoskeleton, whereas occludin
and claudin family proteins contribute to junctional organization and selective paracellular
permeability [41]. Alterations in their abundance or localization can therefore have substantial
functional consequences even in the absence of complete epithelial destruction.
The immunofluorescence findings are particularly informative. Normoxic monolayers
demonstrated continuous junctional localization of ZO-1 and occludin, whereas hypoxia produced
progressive discontinuity and fragmentation. Thus, hypoxic injury appeared to affect not only total
protein abundance but also the spatial organization of junctional complexes.

This distinction is important because barrier dysfunction cannot be inferred exclusively from
changes in total protein expression. A tight junction protein may remain detectable by Western
blotting despite substantial redistribution away from the cell membrane. By combining Western
blotting, confocal localization, TEER, and macromolecular permeability measurements, the present
study provides convergent evidence that sustained hypoxia causes genuine functional disruption of
epithelial junctional architecture.
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The in vivo observations further reinforce this conclusion. Intestinal I/R caused pronounced loss

and discontinuity of ZO-1, occludin, and claudin-1 along injured villi, accompanied by epithelial
lifting, edema, villous denudation, and inflammatory infiltration. The reproduction of the junctional
phenotype across the cellular and animal models supports tight junction disruption as a consistent
feature of hypoxia-associated intestinal epithelial injury.
Another major observation was the progressive activation of NF-kB, p38 MAPK, and JNK
signaling during hypoxic exposure. Increased phosphorylation of these signaling proteins was
accompanied by nuclear translocation of NF-kB p65 and increased production of TNF-a, IL-1§,
and IL-6.

NF-kB represents a major molecular interface between cellular stress and inflammatory gene

transcription [42]. Under basal conditions, NF-kB is retained predominantly within the cytoplasmic
compartment through interaction with inhibitory proteins. Cellular stress, ROS, microbial products,
and inflammatory mediators can activate upstream signaling pathways that permit NF-xB nuclear
translocation and transcription of numerous inflammatory genes [43]. The progressive nuclear
localization of p65 observed here therefore provides complementary evidence that increased NF-
kB phosphorylation was functionally associated with activation of the pathway.
Activation of p38 and JNK further indicates recruitment of stress-responsive MAPK signaling.
Both pathways can respond to oxidative stress, mitochondrial dysfunction, inflammatory cytokines,
and cellular damage [44]. Their activation can influence inflammatory gene expression,
cytoskeletal dynamics, apoptosis, and epithelial permeability [45]. Crosstalk between MAPK and
NF-kB pathways may consequently amplify epithelial inflammatory responses during sustained
hypoxic stress.

The cytokine findings support this interpretation. TNF-a, IL-1B, and IL-6 increased
progressively in hypoxia-exposed Caco-2 cultures and were markedly elevated in intestinal tissue
following I/R. These cytokines are themselves capable of altering tight junction proteins and
increasing epithelial permeability [46]. The resulting interaction could establish a feed-forward
mechanism in which hypoxia and oxidative stress impair the epithelial barrier, inflammatory
pathways become activated, and cytokine signaling subsequently intensifies junctional disruption
and tissue injury.

However, the temporal and causal relationship deserves careful interpretation. Although
junctional deterioration, NF-kB/MAPK activation, and cytokine production occurred in parallel,
the present experimental design does not establish that tight junction disruption is obligatorily
upstream of inflammatory signaling. Hypoxia and ROS could independently activate both
processes. Pharmacological inhibition or genetic manipulation of NF-xB, p38, JNK, or specific
tight junction components would be necessary to define the directionality of these relationships.

The progressive increase in Annexin V-positive cells, cleaved caspase-3, Bax expression, and
the Bax/Bcl-2 ratio indicates that sustained hypoxic exposure ultimately promotes apoptotic
epithelial injury.

Mitochondrial dysfunction provides a plausible mechanistic connection between prolonged
hypoxia and apoptosis. Loss of mitochondrial membrane potential, oxidative stress, and altered
regulation of Bcl-2 family proteins can increase mitochondrial outer membrane permeabilization
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and facilitate activation of downstream caspase pathways [47]. The observed increase in Bax
accompanied by decreased Bcl-2 therefore supports involvement of the intrinsic mitochondrial
apoptotic pathway.

The in vivo findings were consistent with the cellular observations. Intestinal I/R substantially

increased TUNEL-positive epithelial cells and cleaved caspase-3 expression and shifted the
Bax/Bcl-2 balance toward apoptosis. Importantly, epithelial apoptosis was associated with greater
histological injury and reduced junctional protein abundance.
These results suggest that barrier deterioration during severe hypoxia reflects at least two
overlapping processes. During earlier stages, redistribution and downregulation of junctional
proteins may compromise permeability while epithelial cells remain viable. With prolonged injury,
mitochondrial dysfunction and apoptosis can result in actual loss of epithelial cells, producing more
profound structural failure of the mucosal barrier.

An important strength of this investigation is the integration of a controlled epithelial cell system
with an intact animal model. Caco-2 monolayers permit direct assessment of epithelial responses
to defined oxygen concentrations without confounding influences from circulating leukocytes,
vascular changes, or systemic mediators. The mouse I/R model, conversely, incorporates the
complex interactions among tissue hypoxia, reperfusion, microvascular alterations, immune-cell
recruitment, oxidative stress, and epithelial injury.

Despite these differences, the two models demonstrated a strikingly concordant molecular
phenotype: HIF-associated hypoxic signaling, oxidative stress, loss of tight junction proteins, NF-
kB/MAPK activation, increased inflammatory mediators, and apoptosis.

This cross-model consistency strengthens the interpretation that these processes represent
interconnected components of intestinal hypoxic injury rather than isolated phenomena restricted
to a single experimental system.

At the same time, intestinal I/R is biologically more complex than hypoxia alone. Reperfusion
generates additional oxidative, vascular, and inflammatory processes that cannot be reproduced
fully by exposing epithelial cells to 1% oxygen. The animal model should therefore be considered
complementary rather than identical to the in vitro hypoxia model.

Loss of intestinal epithelial barrier integrity has implications extending beyond localized
mucosal injury. Increased intestinal permeability may facilitate movement of microbial products,
pathogen-associated molecular patterns, and inflammatory mediators across the epithelial barrier
[48]. These signals may subsequently amplify local immune activation and potentially contribute
to systemic inflammation and remote-organ dysfunction.

This mechanism is particularly relevant to intestinal ischemia, hemorrhagic shock, sepsis, severe
infection, major surgery, and other conditions characterized by compromised splanchnic perfusion
[49]. Preservation of intestinal epithelial integrity may therefore represent a therapeutically
meaningful objective in critically ill patients.

The present findings identify several potentially targetable levels within this pathway:
mitochondrial oxidative stress, preservation of cellular bioenergetics, stabilization of tight junction
complexes, modulation of NF-kB/MAPK signaling, and suppression of excessive inflammatory
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cytokine production. However, therapeutic translation requires caution because several of these
pathways also participate in physiological adaptation, antimicrobial defense, and tissue repair.

In particular, indiscriminate inhibition of HIF or inflammatory signaling may not necessarily be
beneficial. The more rational strategy may involve preventing the transition from adaptive stress
signaling to irreversible oxidative, inflammatory, and apoptotic injury while preserving
physiological epithelial defense mechanisms.

The findings may also have relevance to gastrointestinal and critical-care research in Indonesia,
where infectious gastrointestinal diseases, sepsis, inflammatory conditions, and disorders
associated with tissue hypoperfusion remain clinically important. Investigation of intestinal barrier-
preserving interventions within locally relevant disease models could therefore provide an
important direction for subsequent translational studies.

Taken together, the findings support a model in which sustained oxygen deprivation initially
activates an HIF-associated adaptive response but subsequently produces progressive
mitochondrial and redox dysfunction when the hypoxic insult persists. ROS accumulation and ATP
depletion accompany disruption of ZO-1, occludin, and claudin-1 architecture, resulting in loss of
epithelial resistance and increased paracellular permeability. Concurrent activation of NF-«xB, p38
MAPK, and JNK promotes a proinflammatory environment characterized by increased TNF-a, IL-
1B, and IL-6. Continued mitochondrial dysfunction and inflammatory stress shift the balance of
Bcl-2 family signaling toward apoptosis, activate caspase-3, and ultimately contribute to epithelial
loss and mucosal structural injury.

CONCLUSION

This study demonstrates that sustained hypoxic stress is associated with progressive intestinal
epithelial injury characterized by mitochondrial dysfunction, oxidative stress, disruption of tight
junction integrity, inflammatory pathway activation, and apoptosis. The concordant findings in
Caco-2 monolayers and the mouse intestinal ischemia—reperfusion model showed reduced ZO-1,
occludin, and claudin-1, impaired epithelial barrier function, activation of NF-kB/p38/JNK
signaling, increased TNF-a, IL-1pB, and IL-6, and enhanced apoptotic injury. Collectively, these
findings support an integrated mechanism linking hypoxia and oxidative stress to epithelial barrier
failure, inflammatory amplification, and intestinal mucosal injury. Targeting mitochondrial
dysfunction, junctional destabilization, or excessive inflammatory signaling may therefore
represent potential strategies for preserving intestinal barrier integrity during hypoxic and ischemic
injury, warranting further mechanistic and translational investigation.
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GRAPHICAL ABSTRACT

Sustained Hypoxia Drives Intestinal Epithelial Injury Through Oxidative Stress,

Tight Junction Disruption, Inflammatory Signaling, and Apoptosis
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disrupts tight junctions, activates NF-kB/MAPK signaling, increases
proinflammatory cytokines, and induces epithelial apoptosis, Oxidative &

mitochondrial Barrier Inflammatory Cytokine Apoptosis Mucosal

culminating in intestinal mucosal injury. infry disruption signaling amplification e
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