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ABSTRACT

Intestinal ischemia/reperfusion injury (II/RI) is a critical complication in gastrointestinal surgery, critical care 
medicine, and organ transplantation, characterized by high incidence and mortality rates. The pathophysiologi-
cal process is highly complex, involving oxidative stress surges, uncontrolled inflammatory responses, activation 
of multiple forms of programmed cell death (such as ferroptosis, pyroptosis, and necrotic apoptosis), severe 
disruption of intestinal barrier function, and significant dysbiosis of the gut microbiota. In recent years, research 
has not only profoundly elucidated the core regulatory roles of key signaling pathways such as nuclear factor 
E2-related factor 2 (Nrf2), the NOD-like receptor protein 3 (NLRP3) inflammasome, and silent information reg-
ulator proteins (Sirtuins), but has also highlighted the pivotal position of the gut microbiota and its metabolites 
in disease onset and progression. In therapeutic strategies, approaches ranging from traditional antioxidant 
and anti-inflammatory drugs (such as dexmedetomidine and resveratrol) to gut microbiota-based interventions 
(such as probiotics and fecal microbiota transplantation), and extending to cutting-edge stem cell/exosome ther-
apies and smart nanomedicine delivery systems, have all demonstrated significant potential. This review aims to 
systematically summarize the latest research advances in II/RI, integrating the evidence chain from molecular 
mechanisms to therapeutic interventions, to provide a comprehensive theoretical framework for the clinical 
precision treatment and future research directions of this disease.
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Introduction
Ischemia-reperfusion injury of the intestine commonly occurs 

in various acute and critical conditions, including acute mesenteric 
artery embolism, intestinal volvulus, traumatic shock, cardiac ex-
tracorporeal circulation procedures, and major abdominal vascular 
surgery [1,2]. The damage is not confined to the local intestinal tract. 
The “cascading” inflammatory response triggered by reperfusion and 

the collapse of the intestinal barrier can lead to bacterial/endotox-
in translocation, subsequently inducing systemic inflammatory re-
sponse syndrome (SIRS) and multiple organ dysfunction syndrome 
(MODS), which are the primary causes of patient mortality [3,4]. De-
spite advances in supportive therapies, there remains a lack of specific 
effective drugs for II/RI, reflecting an insufficient understanding of its 
complex mechanisms. In recent years, with the advancement of mo-

https://biomedres.us/
https://dx.doi.org/10.26717/BJSTR.2026.65.010135


Copyright@ :   Xingyu Wang | Biomed J Sci & Tech Res | BJSTR.MS.ID.010135.

Volume 65- Issue 1 DOI: 10.26717/BJSTR.2026.65.010135

57233

lecular biology, metabolomics, and high-throughput sequencing tech-
nologies, our understanding of II/RI has deepened from macroscopic 
pathology to microscopic molecular networks and ecological levels. 
This paper systematically reviews the core pathological mechanisms, 
key regulatory signaling networks, and the resulting diverse novel 
therapeutic strategies for II/RI based on extensive recent research.

Core Pathological Mechanisms of II/RI: A 
Multidimensional Interwoven Network
Oxidative Stress and Inflammatory Storm: Initiation and 
Amplification of Injury

The essence of II/RI lies in the excessive production of reactive 
oxygen species (ROS) due to mitochondrial dysfunction following 
the restoration of blood flow to hypoxic tissues, thereby triggering 
oxidative stress [4,5]. ROS not only directly damages cellular mac-
romolecules but also acts as a key signaling molecule, activating 
pathways such as nuclear factor-κB (NF-κB) to promote the expres-
sion of proinflammatory factors, including tumor necrosis factor-α 
(TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6) [1,6]. Simul-
taneously, damage-associated molecular patterns (DAMPs) released 

by damaged cells, such as mitochondrial DNA (mtDNA), can further 
exacerbate the inflammatory response by activating the cGAS-STING 
pathway [7,8]. The assembly and activation of NLRP3 inflammasomes 
serve as a pivotal link between oxidative stress and pyroptotic inflam-
mation. Downstream, Caspase-1 cleaves Gasdermin D (GSDMD) to 
form pores in the plasma membrane, leading to the maturation and 
release of IL-1β and IL-18, ultimately triggering cell pyroptosis [9,10]. 
On the other hand, the body’s endogenous antioxidant system, par-
ticularly the Nrf2/HO-1 pathway, has been demonstrated to be a core 
protective mechanism against II/RI. Multiple drugs (such as isoquer-
citrin and dimethyl fumarate) and metabolites (such as NADPH) exert 
antioxidant and anti-inflammatory effects by activating this pathway 
[11-14].

Diversity of Programmed Cell Death: Key Pathways for 
Damage Execution

Cell death directly reflects damage to the II/RI intestinal epitheli-
um. Beyond classical apoptosis, the role of novel regulatory cell death 
mechanisms is increasingly prominent. The mechanisms, key mole-
cules, and intervention strategies are summarized in Table 1.

Table 1: Key types of programmed cell death and their roles in intestinal ischemia/reperfusion injury.
Cell Death 

Type
Core Trigger Mechanism/Path-

way
Key Effector 
Molecules Primary Role in II/RI Representative Interventions/Drugs

Ferroptosis
Iron-dependent lipid peroxi-
dation; GPX4 inhibition; GSH 

depletion

GPX4↓, SLC7A11↓, 
ACSL4↑

Induces lipid peroxidation 
damage in intestinal epithe-

lial cells

Capsiate (activates TRPV1-GPX4); Resver-
atrol (activates SIRT3 to compensate GSH/

GPX4); Inhibiting YAP/STAT3

Pyroptosis
NLRP3 inflammasome acti-
vation; Caspase-1-mediated 

GSDMD cleavage

NLRP3↑, 
Caspase-1↑, GSD-
MD-N↑, IL-1β/18↑

Pro-inflammatory death, 
amplifies inflammatory 

response

Enteric fungi (inhibit SAA1-GSDMD); Ho-
nokiol (activates SIRT3 to inhibit NLRP3); 

MCC950 (NLRP3 inhibitor)

Necroptosis
Mediated by RIPK1/RIPK3/

MLKL under apoptotic suppres-
sion

RIPK1/3↑, MLKL↑
Causes cell membrane rup-
ture and release of cellular 

contents

Ursolic acid (inhibits STAT3 to ameliorate 
necroptosis); Extracellular mtDNA triggers 

via STING pathway

Autophagy
Self-digestion process under cel-
lular stress; excessive activation 

leads to death

Beclin-1, LC3-II, 
p62

Double-edged sword: protec-
tive when moderate, harmful 

when excessive

Sestrin2 (enhances autophagy-lysosomal 
pathway via TFEB)

•	 Ferroptosis: A form of cell death that is iron-dependent 
and driven by the accumulation of lipid peroxides. In II/RI, 
reduced glutathione peroxidase 4 (GPX4) activity and sup-
pressed expression of solute carrier family 7member 11 
(SLC7A11) lead to weakened antioxidant capacity, accumu-
lation of lipid peroxidation products, and ultimately trigger 
ferroptosis [3,5]. Research confirms that capsaicin esters 
suppress ferroptosis by activating TRPV1 to promote GPX4 
expression [15]; whereas ferroptosis inhibitors (such as Fer-
rostatin-1) or activation of the YAP/Nrf2 pathway can effec-
tively mitigate injury [16-18].

•	 Pyroptosis: As previously described, it is primarily mediated 
by the NLRP3 inflammasome-GSDMD axis [9,19]. Gut fungi 

exert a protective effect by reducing GSDMD-mediated pyro-
ptosis through the suppression of serum amyloid A1 (SAA1) 
expression [10]. The small-molecule compounds MCC950 
and magnolol have also been shown to alleviate pyroptosis 
by inhibiting NLRP3 activation [9,19,20].

•	 Necroptosis: Mediated by receptor-interacting protein ki-
nase 1/3 (RIPK1/RIPK3) and the mixed family kinase-like 
domain (MLKL) when apoptosis is suppressed. Extracellular 
mtDNA can synergistically trigger necrotic apoptosis in in-
testinal epithelial cells through the STING pathway in con-
junction with IFN and TNF-α signaling [7,8]. Ursolic acid can 
improve necrotic apoptosis by inhibiting STAT3 activation 
[21].
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•	 Autophagy: Acts as a double-edged sword. Moderately acti-
vated autophagy clears damaged mitochondria (mitophagy) 
and endoplasmic reticulum stress products, maintaining cel-
lular homeostasis. For example, Sestrin2 exerts a protective 
effect by enhancing the function of the autophagy-lysosom-
al pathway through promoting the nuclear translocation of 
transcription factor EB (TFEB) [22,23]. However, it should be 
noted that autophagy is a double-edged sword; excessive or 
dysregulated autophagy may instead promote cell death.

Complete Collapse of the Intestinal Barrier Function

The intestinal barrier consists of the intestinal epithelial barri-
er and the intestinal vascular barrier [24]. II/RI leads to significant 
downregulation or disrupted distribution of tight junction proteins 
(such as ZO-1, Occludin, and Claudins), resulting in a dramatic in-
crease in intestinal epithelial permeability [24-26]. This not only al-
lows for the translocation of intra-cavity bacteria and endotoxins, but 
also serves as a potent source of inflammatory stimulation. Notably, 

disruption of the intestinal vascular barrier is equally critical, as the 
opening of intercellular junctions in its endothelial cells facilitates the 
entry of bacteria and antigens into the systemic circulation [24,27]. 
Dexmedetomidine has been demonstrated to protect the intestinal 
vascular barrier by activating β-catenin signaling, thereby mitigating 
distal liver injury [24].

Core Regulatory Role of the Gut Microbiome and its Meta-
bolic Products

The gut microbiota is referred to as the “forgotten organ,” playing 
a dynamic regulatory role in II/RI. Damage leads to reduced microbial 
diversity, decreased levels of beneficial bacteria (such as Lactobacil-
lus and Bifidobacterium), and increased levels of potential pathogens 
[28,29]. This imbalance is not only a consequence of the injury but 
also a significant factor driving the progression of the condition. More 
importantly, microbial metabolites serve as key messengers mediat-
ing their functions, with their mechanisms summarized in Table 2.

Table 2: Protective roles of key gut microbiota metabolites in intestinal ischemia/reperfusion injury.
Metabolite Main Source Bacteria Core Mechanism of Action Function and Effect

Indole-3-lactic acid 
(ILA) Lactobacillus lactis Activates AhR and Nrf2, upregulates 

YAP expression

Reduces oxidative stress, promotes intestinal 
stem cell proliferation, improves gut barrier 

function

Indole-3-carboxalde-
hyde (3-IAld) Bifidobacterium longum Blocks histone deacetylase 3 (HDAC3) Inhibits NLRP3 inflammasome activation in 

macrophages, alleviates inflammation

Capsiate (CAT) Gut microbiota metabolite Activates TRPV1, promotes GPX4 expres-
sion Inhibits ferroptosis, reduces intestinal injury

Pravastatin Gut microbiota metabolite Activates IL-33/ST2 signaling, promotes 
IL-13 release from ILC2s

Promotes intestinal stem cell self-renewal, 
mitigates injury

Glutathione (GSH) Lactobacillus spp. (e.g., L. 
rhamnosus)

Increases intracellular GSH levels, com-
pensates GPX4 pathway Counters oxidative stress and ferroptosis

•	 Tryptophan metabolites: The protective effect of in-
dole-3-lactic acid (ILA) derived from Lactobacillus lactis is 
closely associated with its upregulation of YAP expression. 
Mechanistic studies indicate that ILA positively regulates 
YAP by activating AhR and Nrf2 signaling pathways, there-
by alleviating oxidative stress and promoting intestinal 
stem cell proliferation [16,30]. Indole-3-carboxaldehyde, 
derived from bifidobacteria, inhibits NLRP3 inflammasome 
activation in macrophages by blocking histone deacetylase 3 
(HDAC3) [31].

•	 Other protective microbial metabolites: Additionally, 
studies have identified multiple structurally diverse micro-
bial metabolites with direct protective effects. For example, 
capsaicinate (CAT), defined as a gut microbiota metabolite, 
promotes GPX4 expression by activating the TRPV1 recep-
tor, thereby inhibiting ferroptosis15. Pravastatin, another 
microbiota-associated metabolite, promotes intestinal stem 

cell renewal by activating the IL-33/ST2 signaling pathway 
to stimulate ILC2s to release IL-13, which in turn activates 
the Notch and Wnt signaling pathways [32].

•	 Microbe-Host Co-metabolism: Disruption of the gut micro-
biota also directly impacts the host’s metabolic pool. For ex-
ample, the protective effect of metformin partially depends 
on its regulation of the gut microbiota, increasing the abun-
dance of Lactobacillus species, thereby enhancing the ca-
pacity of microorganisms to synthesize glutathione (GSH) to 
compensate for the GPX4 pathway against ferroptosis [33].

Advances in Therapeutic Strategies Targeting Key 
Mechanisms

Based on the aforementioned mechanisms, intervention strate-
gies are evolving toward diversification and targeted approaches. A 
summary of representative studies for various treatment strategies is 
presented in Table 3.
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Table 3: Major therapeutic strategies and representative agents/methods for intestinal ischemia/reperfusion injury.
Therapeutic Strategy Target/Mechanism Representative Agents/Methods Primary Effects

Natural Products/Drugs
Multi-target antioxidant, 

anti-inflammatory, cell death 
regulation

Resveratrol (activates SIRT3); Apigenin-7-gluco-
side (targets HO-1/MAO-B); Naringenin (targets 

YAP/STAT3); Dexmedetomidine

Reduces oxidative stress, inflamma-
tion, inhibits ferroptosis/pyroptosis

Microbiome Intervention Restores microbial balance, 
utilizes metabolites

Probiotics (Lactobacillus); Fecal microbiota trans-
plantation (FMT); Metabolite supplementation 

(ILA, CAT)

Enhances barrier function, modu-
lates immunity (M2 polarization), 

suppresses inflammation

Stem Cells/Exosomes Paracrine signaling, immuno-
modulation, tissue repair

Mesenchymal stem cells (MSCs); Adipose stem cell 
exosomes (primed with resveratrol); Bone marrow 

MSC exosomes (miR-378a-3p)

Improves survival, reduces injury, 
inhibits ferroptosis, modulates 

macrophage polarization

Nanodelivery Systems Targeted delivery, controlled 
release, synergistic therapy

Macrophage membrane-coated MnO2 nanopar-
ticles loaded with rapamycin; pH-responsive 

cationic microspheres (scavenge cfDNA)

Precise targeting, scavenges ROS, 
enhances autophagy, inhibits M1 

macrophage polarization

Gas Signaling Molecules Anti-inflammatory, antioxi-
dant, anti-apoptotic

Carbon monoxide-releasing molecule 2 (CORM-2); 
Methane-rich saline (activates Nrf2/HO-1)

Alleviates inflammation, oxidative 
stress, and cell death

Drug Intervention: From Natural Products to Repurposing 
Existing Drugs for Clinical Use

•	 Natural bioactive compounds: Resveratrol (activates 
SIRT3, inhibits ferroptosis) [3], apigenin-7-glucoside (tar-
gets HO-1 and MAO-B, inhibits endothelial ferroptosis) 
[34], naringenin (inhibits ferroptosis) [5,17], and magnolol 
(activates SIRT3, inhibits mitochondrial ROS and pyropto-
sis) [19], among others, all demonstrate promising effects 
through multi-target mechanisms.

•	 Clinical Drug: Dexmedetomidine, as a highly selective α2-ad-
renergic receptor agonist, exerts protective effects through 
multiple mechanisms, including anti-inflammatory, antiox-
idant, anti-cell death (apoptosis, pyroptosis, ferroptosis), 
and enhanced mitochondrial autophagy. Meta-analyses have 
confirmed its efficacy in animal models [1,2]. Metformin not 
only modulates the microbiota but also inhibits ferroptosis 
by reducing the formation of mitochondrial-associated endo-
plasmic reticulum membranes (MAMs) [33].

Microbiome-Targeted Therapy

•	 Probiotics/ Prebiotics: Direct supplementation with spe-
cific probiotics, such as Lactobacillus lactis (which promotes 
IL-10 release from M2 macrophages via TLR2 signaling [35]) 
or Bifidobacterium longum (whose metabolites exhibit an-
ti-inflammatory effects [31]), or administration of prebiot-
ics, can mitigate II/RI injury by enhancing intestinal barrier 
function and modulating local immunity (e.g., promoting 
macrophage M2 polarization). A systematic review and me-
ta-analysis confirmed that probiotic treatment significantly 
reduced intestinal injury scores (Chiu’s score), inflammatory 
factors, and oxidative stress levels in animal models [36].

•	 Fecal Microbial Transplantation (FMT): Compared to sup-
plementing with a single or limited number of probiotics, 
transplanting the entire microbiota from a healthy donor 

to a recipient theoretically enables a more comprehensive 
restoration of the host’s microbial diversity and interaction 
networks. Animal studies indicate that FMT can effectively 
mitigate II/RI injury by reshaping the intestinal microenvi-
ronment28, demonstrating its unique potential as an “eco-
system-level” therapeutic strategy.

•	 Postbiotic therapy: Directly delivering microbial metabo-
lites with well-defined protective effects (e.g., indole-3-lactic 
acid [16], capsaicin esters [15]) represents a more precise 
therapeutic strategy than live probiotic supplementation. 
Such formulations based on non-living microbial compo-
nents are termed “postbiotics.” They circumvent the uncer-
tainty of live bacteria surviving in damaged environments, 
can directly target specific pathways, and offer greater sta-
bility and improved safety.

Stem Cell and Extracellular Vesicle Therapy

Mesenchymal stem cells (MSCs) have been extensively studied for 
their potent immunomodulatory, anti-apoptotic, and tissue-repairing 
capabilities. Meta-analysis indicates that MSC therapy significantly 
improves survival rates in II/RI animals while reducing tissue dam-
age, inflammation, and oxidative stress [37]. Its effects are largely 
mediated through paracrine mechanisms, particularly through the 
release of extracellular vesicles such as exosomes. Exosomes derived 
from adipose-derived stem cells, particularly after resveratrol “pre-
treatment,” can more effectively regulate macrophage polarization 
toward the M2 phenotype and alleviate inflammation [25]. Exosomes 
derived from bone marrow MSCs can counteract ferroptosis by deliv-
ering miR-378a-3p to inhibit the SREBF2/HMGB1 axis [38].

Novel Delivery Systems and Nanomedicine

To enhance drug targeting and reduce side effects, smart nano-
carriers have been developed. For example, the manganese dioxide 
nanosphere-loaded rapamycin system encapsulated by macrophage 
membranes achieves targeted delivery through its membrane coating 
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while utilizing MnO₂ to catalyze ROS clearance. It also enables con-
trolled release of rapamycin under ROS conditions to activate auto-
phagy, thereby synergistically mitigating damage [39]. Additionally, 
pH-responsive cationic polymer-functionalized microspheres can ef-
ficiently clear cell-free DNA (cfDNA) enriched at injury sites, exerting 
anti-inflammatory effects by inhibiting M1 macrophage polarization 
[12].

Gas Molecular Therapy and Other Approaches

Molecular signals such as carbon monoxide releasers (e.g., 
CORM-2) [40], hydrogen, and methane (e.g., methane saline) exhibit 
anti-inflammatory, antioxidant, and anti-apoptotic properties. Meth-
ane-containing saline has been demonstrated to inhibit ferroptosis by 
activating the Nrf2/HO-1 pathway [41].

Summary and Outlook
In summary, the comprehension of II/RI has progressed from 

a basic ischemic-hypoxic model to a multifaceted network that in-
cludes oxidative stress, inflammation, cell death, barrier disruption, 
and dysbiosis. Intervention strategies aimed at critical nodes such as 
Nrf2, NLRP3, SIRT3, GPX4, and the gut microbiota have expanded and 
shown considerable efficacy in preclinical studies. 

However, challenges persist: 

1.	 The high complexity of the mechanism necessitates that fu-
ture research prioritize network integration and dynamic 
analysis over single pathways; 

2.	 The translational gap demands the development of models 
that more closely reflect human pathophysiology (e.g., hu-
man-derived organoids [42]); 

3.	 Individual differences: The distinctive characteristics of gut 
microbiota require treatment strategies that are both precise 
and personalized; 

4.	 Therapeutic time window: Most interventions demonstrate 
effectiveness when administered prior to or immediately fol-
lowing reperfusion. The feasibility of clinical identification 
and timely administration warrants further investigation. 

Future research should prioritize the following areas: 

1.	 Employing multi-omics technologies to delineate a compre-
hensive molecular landscape of II/RI, thereby identifying 
novel key targets; 

2.	 Developing combination therapies or multifunctional nano-
medicines that exhibit multi-target synergistic effects; 

3.	 Investigating the potential of gut microbiota metabolites as 
diagnostic biomarkers and therapeutic agents; 

4.	 Facilitating the translation of advanced therapies, such as 
stem cell products and engineered exosomes, into clinical 

trials. Through robust interdisciplinary collaboration, it is 
expected that advancements in basic research related to II/
RI will ultimately translate into clinical applications that en-
hance patient outcomes. 
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