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Lower-limb ischemia—reperfusion injury (LL-IRI) is a frequent and serious
complication following reperfusion therapy for lower-limb arterial occlusion. It
can be caused by trauma, arterial stenosis, thrombotic occlusion, and
atherosclerosis. As a prevalent peripheral vascular disease, LL-IRI results in local
tissue damage and triggers systemic inflammatory responses that can lead to
multiple-organ dysfunction syndrome, as well as multiorgan failure and death in
severe cases. Despite its clinical significance, the mechanisms underlying IRl remain
poorly understood, and no specific targeted drugs or effective emergency
interventions are currently available. Therefore, this review provides a
comprehensive analysis of the domestic and international literature published
over the past decade regarding the disease definition, pathogenesis, and
therapeutic advances in LL-IRI. It summarizes current pharmacological and non-
pharmacological interventions, including antioxidant stress management, anti-
inflammatory approaches, and oxidative stress reduction strategies. This review
aims to advance the exploration of LL-IRI pathogenesis and proposes novel
therapeutic perspectives for innovative drug development.
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Introduction

Ischemia-reperfusion syndrome was described by Haimovici in 1960 as a serious
complication following acute ischemic surgery (Magnoni et al., 1996). Ischemia-reperfusion
injury (IRI) is a syndrome in which tissues, after experiencing a period of ischemia, experience
exacerbated damage and organ dysfunction upon the restoration of blood flow (Cai J. et al,
2022). It involves a systemic immune response triggered by the release of pro-inflammatory
mediators and reactive oxygen species (ROS) during the reperfusion of ischemic organs and/or
tissues. IRT often surpasses the damage caused by ischemia alone (Cearra et al., 2021), and it has
been extensively studied across various tissues and organs.

Lower-limb IRI (LL-IRI) is among the most common peripheral vascular diseases, typically
induced by chronic arterial narrowing (e.g., arterial stenosis, thrombotic occlusion), trauma,
atherosclerosis, or surgical procedures using tourniquets to create bloodless surgical fields. Acute
embolism, such as that resulting from atrial fibrillation, leading to arterial obstruction in the

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2025.1576091/full
https://www.frontiersin.org/articles/10.3389/fphar.2025.1576091/full
https://www.frontiersin.org/articles/10.3389/fphar.2025.1576091/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2025.1576091&domain=pdf&date_stamp=2025-05-23
mailto:1723331429@qq.com
mailto:1723331429@qq.com
mailto:yaochen@mail.sysu.edu.cn
mailto:yaochen@mail.sysu.edu.cn
mailto:13976609625@163.com
mailto:13976609625@163.com
https://doi.org/10.3389/fphar.2025.1576091
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2025.1576091

Peng et al. 10.3389/fphar.2025.1576091
I. Ischemia
(Anaerobic respiration)
ATP l
|
i Na* N Ca** H:L
H* HY ol @
Hypoxanthine |) v —
‘\? /™ =
é‘ K* Ca“T Acid-base disturbance
Ion Pump dlsturbance)
SROS
I1. Reperfusion / \
Z ROS
R 2N 1
g a. Cytochrome ¢ b. @
i Y mPTP open
) sT ATPl[Da“
: mPTP opening and Necro}tosis P.yroptosis L
' mitochondrial dysfunction Cell death \\>
5 -
i c. d. / '
: y
Neutrophil activation Vascular endothelial
and infiltration cell injury
FIGURE 1

Mechanism of lower-limb ischemia-reperfusion injury. Lower-limb injury can be divided into two stages: ischemia and reperfusion.

lower limbs can also lead to tissue hypoxia and metabolic imbalance,
potentially triggering IRI (Eltzschig and Eckle, 2011). In severe cases,
LL-IRI can cause damage to distal organs (e.g., lungs, kidneys, liver),
progressing to multiple-organ dysfunction syndrome (Cai et al., 2018).

Current research into IRI treatments has extensively focused on
cardiac and cerebral applications, with fewer studies devoted to LL-IRI
treatment. This review discusses recent studies on antioxidant therapies
for LL-IR],
mitochondrial injury mitigation, anti-inflammation, endothelial cell

covering multiple aspects such as anti-oxidation,

protection, angiogenesis promotion, and anti-apoptosis strategies.

Mechanisms of LL-IRI

Peripheral artery disease (PAD) is a major public health
burden characterized by circulatory disorders in the lower
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limbs, which restrict their mobility. Atherosclerotic lesions
2021).
Skeletal muscle, the predominant tissue in the limbs, is highly

narrow the arteries, leading to ischemia (Liang et al,

susceptible to ischemia. Recent physiological and anatomical
research indicates that 3 h of ischemia can induce severe
2023). PAD is
manifested by reduced oxygenation of the lower limbs, which

skeletal muscle injury (de Carvalho et al,

modern medical interventions address by restoring blood flow to
the affected areas. Whereas limb revascularization effectively
alleviates symptoms of ischemia, it also causes several adverse
effects, one of the most severe being reperfusion injury (Saran and
Malarkey, 2019). Mild LL-IRI can present as slight swelling, pain,
and small skin blisters in the lower limbs. In severe cases, muscle
and nerve tissues confined within the fascial compartments of the
bones can experience secondary ischemia attributable to increased
pressure, leading to diminished or lost distal limb sensation,
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Differences in the major modes of cell death in lower-limb ischemia-reperfusion injury.

restricted toe or ankle joint function, severe lower-limb swelling,
pain, and potentially extensive skin blistering or necrosis. During
the ischemia-reperfusion process, toxic substances such as oxygen
free radicals, inflammatory factors, acidic metabolites, and various
ions re-enter the bloodstream, damaging multiple organs and
impairing their function. In severe instances, this can lead to
multiorgan failure and life-threatening conditions (Zhang
et al., 2024).

LL-IRI can be divided into two distinct phases: ischemia and
reperfusion. During ischemia, arterial flow obstruction leads to
hypoxia and inadequate perfusion, impairing the normal function
of the mitochondrial electron transport chain (Sengel et al., 2023).
Following reperfusion, blood flow to the ischemic tissues is
restored as red blood cells deliver oxygen. However, this
process also leads to increased ROS generation because of the
reduced antioxidant concentrations in ischemic cells. Elevated
ROS levels can induce oxidative stress, resulting in endothelial
dysfunction, DNA damage, and local inflammatory responses
(Figure 1) (Wu et al., 2018). LL-IRI exacerbates rhabdomyolysis
through several interconnected mechanisms: calcium overload
activates proteases, leading to myofibrillar protein degradation;
ROS induce sarcolemmal rupture via lipid peroxidation; and
permeability transition pore (PTP)-mediated ATP depletion
These
release  and

impairs  cellular energy homeostasis. pathways

collectively promote myoglobin systemic
inflammatory responses (Cabral et al., 2020).

Ischemic stage: O, content in the body is reduced. Anaerobic
respiration cannot be performed, and only anaerobic respiration is
possible, leading to reduced ATP levels and the following three
conditions: hypoxanthine content is greatly increased; ion pumps
are disturbed, and acidosis occurs because of anaerobic respiration
and the increase of hydrogen ions in the body, causing acid-base
imbalance throughout the body.

Reperfusion stage: With the recovery of O, content in vivo,
reactive ROS levels significantly increase, resulting in the four
conditions: mitochondrial permeability transition pore (mPTP)
opening and mitochondrial dysfunction; cell death (four main
apoptosis, pyroptosis, and ferroptosis);
vascular endothelial cell injury; and neutrophil activation and

modes: necroptosis,

infiltration.

These two process es cause damage to other tissues
throughout the body.
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During LL-IRI, multiple modes of cell death are concurrently
activated, including apoptosis, pyroptosis, ferroptosis, and
necroptosis. Cell death can be categorized into two types:
regulated and accidental cell death (Liang et al, 2021).
Regulated cell death involves signaling cascades mediated by
effector molecules and exhibits distinctive biochemical and
2022).
accidental cell death is triggered by unexpected injury stimuli

morphological features (Tong et al, Conversely,
that exceed the cell’s regulatory capacity, leading to various forms
of cell demise such as necroptosis and pyroptosis. Each form is
characterized by distinct morphological and biochemical traits, as
depicted in Figure 2.

Ferroptosis, necroptosis, and pyroptosis release pro-
inflammatory signals in the microenvironment. Conversely,
apoptosis is considered “silent,” and it suppresses subsequent
immune responses (Bertheloot et al., 2021). Necroptosis, also
known as programmed necrosis, occurs in pathological
conditions such as IRIL It is triggered by cellular stress or the
activation of death receptors such as TNF receptor-1 and Fas
receptor (Wang and Kanneganti, 2021). There is an association
between necroptosis and inflammation in the pathogenesis of IRI.
Apoptosis is a form of programmed cell death characterized by cell
and nuclear shrinkage while maintaining membrane integrity (Li
2020).

immunogenic, and it is executed via both intrinsic and extrinsic

et al, Compared with necrosis, apoptosis is less
pathways. Specifically, apoptosis is executed by activation of effector
caspases such as CASP3 and CASP7, occurring downstream of
initiator caspases CASP8, CASP9, and CASP10. Pyroptosis is
driven by membrane pores formed by activated members of the
gasdermin family, with gasdermin D being the prototype activated
by inflammatory caspases (CASP1 in mice or CASP4/5 in humans).
Necroptosis is achieved through the formation of mixed lineage
kinase domain-like pseudokinase pores, which occur after
phosphorylation of targets downstream of the receptor-
interacting protein kinase 1 (RIPKI1) and RIPK3 signaling axis.
Ferroptosis is a novel form of programmed cell death closely related
to cellular dependence on iron (Jiang et al, 2021). It plays a
significant regulatory role in various diseases such as IRI, cancer,
neurological disorders, and acute kidney injury. Its characteristics
include the accumulation of lipid ROS. Unlike the typical necrotic
morphology involving cell and organelle swelling and cell

membrane rupture, ferroptosis also lacks traditional features of
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Major mechanisms of cell death in lower-limb ischemia—reperfusion injury.
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apoptosis, such as cell shrinkage, chromatin condensation,
formation of apoptotic bodies, and breakdown of the cellular
cytoskeleton. In contrast to autophagy, ferroptosis does not form
typical enclosed double-membrane structures (autophagosomes).
Morphologically, nuclear alterations in ferroptosis primarily
manifest as significant mitochondrial shrinkage, increased
membrane density, and reduced or lost mitochondrial cristae,
marking ferroptosis as a distinct form of cell death (Yan et al,
2021). The cell death mechanisms involved in lower limb ischemia-

reperfusion, as described above, are illustrated in Figure 3.
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Progress in LL-IRI-related treatments

Recent studies indicate that the development of LL-IRI involves
a cascade of inflammatory processes, including neutrophil
infiltration, endothelial cell damage, excessive cytokine release,
and ROS generation (Kan et al., 2018). Currently, oxidative stress
is recognized as a central mechanism in the pathogenesis of this
condition, with ROS playing a crucial role. Eukaryotic cells have
intricate systems to regulate ROS production and responses
(Cheung and Vousden, 2022). ROS are primarily produced by
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neutrophils, myocytes, vascular endothelial cells (VECs), and
perivascular tissues. In cellular signaling, ROS act as key
mediators and regulators, influencing the activity of kinases,
phosphatases, transcription factors, and cytoskeletal proteins.
They are involved in various physiological processes, including
pathogen defenses, angiogenesis, and response to fibrotic
stimulus-induced injury.

Furthermore, ROS contribute to pathophysiological processes
such as endothelial dysfunction, vascular inflammation, and
mitochondrial myopathy (Bottoni et al, 2022). Normally, a
delicate balance is maintained between the generation and
elimination of ROS (Zhang et al, 2016). However, when ROS
production exceeds the body’s ability to clear them, oxidative
stress ensues. This imbalance leads to peroxidation and oxidative
damage in cellular components across various tissues, ultimately
resulting in tissue dysfunction.

Redox

reperfusion, as it is regulated by redox reactions (Fukai and

signaling is particularly critical in ischemia-
Ushio-Fukai, 2020). During ischemia, aerobic respiration is
suppressed, and hypoxia drives anaerobic respiration, reducing
Upon

reperfusion, a sudden influx of oxygen into the tissue leads to

oxidative reactions and increasing lactate release.
the excessive production of ROS. This ROS surge causes oxidation
of cellular components and initiates a cascade of inflammatory
responses, leading to tissue damage. Thus, targeting oxidative
stress is crucial for treating LL-IRI. Additionally, strategies to
mitigate mitochondrial damage, protect endothelial cells, promote
angiogenesis, and modulate anti-inflammatory responses and

apoptosis are also important for alleviating LL-IRI.

Non-pharmacological treatment strategies
for LL-IRI

Extensive research has been dedicated to the prevention and
treatment of LL-IRI. In vascular surgery, ischemic preconditioning
and postconditioning have been established as effective methods
with promising applications for protecting organs and muscles.

Remote ischemic preconditioning (RIPC) is a therapeutic
intervention that involves brief, non-lethal ischemia in remote
organs to activate cellular and neural pathways. These pathways
target mitochondria, prompting the opening of ATP-dependent
mitochondrial potassium channels and inhibiting the mPTP.
RIPC was reported to reduce ROS production and protect organs
during IRT (Aboo Bakkar et al., 2018; Sprick et al., 2019). Clinical
studies demonstrated that RIPC can prevent mitochondrial fusion,
thereby preventing LL-IRI and improving muscle mitochondrial
function. Additionally, RIPC protects skeletal muscle by eliminating
acetaldehyde and free radicals (Mansour et al., 2012; Leurcharusmee
et al.,, 2022). RIPC has also been found to reduce kidney injury
caused by LL-IRI by decreasing the shear rate in the brachial artery
and increasing flow-mediated dilation, thereby alleviating local
endothelial dysfunction. Studies recorded significant reductions in
serum creatinine, urea, cystatin C, and -2 microglobulin levels;
urine creatinine levels; and the glomerular filtration rate following
RIPC (Kasepalu et al., 2020). Different RIPC protocols involving
varying cycles and durations of ischemia and reperfusion can lead to
significantly different postoperative outcomes; thus, the timing of
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RIPC should be carefully considered preoperatively (Leurcharusmee
et al.,, 2022).

In addition to RIPC, endovascular shunting (ES) and
intraoperative hemodialysis are also used for patients with LL-
IRI. ES is a well-established technique used to reduce the
ischemic time following acute arterial occlusion or prevent
inadequate  perfusion after complex open vascular or
endovascular surgeries. ES involves connecting two sheaths with
catheters, including one proximal and one distal to the arterial
occlusion. Clinically, the use of ES in acute limb ischemia surgeries
did not lead to significant clinical reperfusion injury postoperatively.
However, ES is limited by its flow capacity, necessitating caution
when shunting to tissues with high oxygen demands (Osterberg
et al., 2014).

Clinical studies demonstrated that intraoperative blood drainage
using hemodialysis during thrombectomy can restore normal
circulation to severely ischemic lower limbs, beneficially affecting
potassium levels, acidic metabolites, and oxygen free radicals during
reperfusion stabilization (Mutirangura et al., 2009). Nevertheless,
this therapy is expensive, and it demands significant economic
resources from patients.

Low-intensity laser therapy has also been revealed to reduce IRI
in rat skeletal muscles by inducing the synthesis of antioxidants and
other protective cellular proteins (Takhtfooladi et al, 2015). In
addition, hypothermia therapy can mitigate LL-IRI-induced
muscle damage and decrease post-reperfusion compartment

pressure (Simon et al., 2018).

Drug treatment strategies for LL-IRI

As presented in Figure 4, multiple drugs alleviate LL-IRI through
various mechanisms.

Antioxidant stress response

Numerous pathological mechanisms are responsible for LL-IRI,
with inflammation and oxidative stress playing key roles. Organs
affected by IRI exhibit increased ROS levels, which are correlated
with reduced expression of antioxidant proteins. Furthermore,
damage induced by excessive ROS can lead to the release of pro-
inflammatory cytokines. Thus, inhibiting the production and release
of ROS and inflammatory cytokines is considered a viable strategy
for mitigating LL-IRL

Nuclear factor erythroid 2-related factor 2 (NRF2) is a
transcription factor recognized as a major regulator of oxidative
stress and metabolic homeostasis (Dodson et al., 2019; Cen et al.,
2022). The dysregulation of NRF2 signaling is associated with many
oxidative stress-related conditions (Tonelli et al., 2018). NRF2 is
involved in regulating programmed functions in response to
oxidative stimuli, such as autophagy, inflammasome assembly,
endoplasmic  reticulum

stress/unfolded  protein  response,

mitochondrial ~ biogenesis, and  stem cell  regulation.
NRF2 mediates cellular oxidative levels and oxidant signaling by
regulating the expression of three groups of antioxidant response
element-dependent genes: drug metabolizing enzymes/transporters,
antioxidant enzymes/proteins, and oxidant signal proteins (Ma,
2013). NRF2 activators have been implicated as potential drugs

for increasing antioxidant capacity and alleviating pathology.
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FIGURE 4

Mechanistic pathway of lower-limb ischemia-reperfusion drug therapy

Induction of antioxidant enzymes, particularly through NRF2, is a
principal approach in developing antioxidant therapies (Forman
and Zhang, 2021). This antioxidative property contributes to the
treatment of LL-IRI.

Resveratrol (RSV) is a phenolic compound first isolated from the
roots of Veratrum grandiforum O. Loes, a plant of the Melanthiaceae
family. Several studies described its ability to extend the lifespan of
various model organisms (Clarke and Mostoslavsky, 2020). Song
et al. confirmed the ability of RSV to block Nrf2 signal transduction,
revealing that RSV is protective against IRI and oxidative stress.
Experiments suggested that RSV can mitigate LL-IRI-induced
vascular endothelial injury by modulating Keapl/Nrf2-mediated
oxidative stress (Song et al., 2021).

Lipoxin A4 (LXA4) is a biologically active metabolite of
arachidonic acid with anti-inflammatory properties that is
capable of inhibiting neutrophil infiltration and reducing ROS
generation (Gongalves et al., 2023). Recent studies revealed that
LXA4 can protect multiple organs from IRI and significantly
improve histological damage scores in IRI-injured muscle tissue
(Zong et al., 2017). The mechanism of action of LXA4 might involve
activation of the Nrf2/HO-1 signaling pathway. LXA4 holds
potential as a promising therapeutic agent for muscle tissue IRI
(Peng et al., 2022).
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Curcumin (CUR) and dexmedetomidine (DEX) have been
demonstrated to protect against IRI in various organs. CUR has
a long usage history in Chinese medicine, and it possesses diverse
pharmacological ~ properties, including antioxidant, anti-
inflammatory, anti-viral, anti-microbial, anti-fungal, and anti-
cancer activities. Recent data illustrated that CUR can increase
Hsp70 activity, thus
inhibiting ROS generation (Giordano and Tommonaro, 2019).

expression and antioxidant enzyme
DEX is a highly selective a2-adrenergic agonist, and it is used as
a sedative, anxiolytic, and analgesic agent (Cheng W. et al., 2019).
The protective effects of DEX might involve inhibition of the JAK2/
STATS3 signaling pathway, which reduces the amount of ROS in the
body (Cai S. et al., 2022). CUR has been found to mitigate organ
damage in various IRI models, such as that in the lungs, kidneys,
liver, heart, and ovaries, possibly through the Nrf2 pathway.
Intraperitoneal administration of CUR and/or DEX reduced hind
limb IRI in rats; however, further large-scale studies are needed to
validate their potential benefits (Karahan et al., 2016).

Lycopene is a potent antioxidant carotenoid that is widely
present in red fruits and vegetables (Wu et al,, 2022). It exhibits
protective effects against hindlimb muscle IRI in rats through
enhancing the activity of antioxidant enzymes such as SOD,

glutathione peroxidase (GPX), and catalase (CAT); reducing
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malondialdehyde (MDA) levels; and significantly attenuating the
inflammatory response following LL-IRI (Kirisci et al., 2020).
Vitamins C and E are potent antioxidants that exhibit synergistic
effects when used together. Their antioxidant actions involve rapid
reactions with superoxide anion (O,"), peroxyl radical (HOO"), and
(OH),
semidehydroascorbic acid. Semidehydroascorbic acid can further

hydroxyl radical leading to the formation of
react with NADH to generate active ascorbate, thereby continuing
the function of scavenging free radicals. Animal experimental
studies illustrated that vitamins C and E can mitigate oxidative
stress and tissue inflammation associated with LL-IRI. They achieve
this by reducing the levels of MDA and reactive oxygen
intermediates and increasing the activities of SOD and GPX
(Arat6 et al., 2010; Kim et al., 2017).

Baicalein II is a glycoside derivative known for its various
pharmacological effects, including antioxidant, anti-apoptotic,
anti-inflammatory, anti-cancer, neuroprotective, hepatoprotective,
cholesterol-lowering, and immunomodulatory activities (Zhou
et al, 2023). Experimental studies demonstrated that baicalein II
can enhance endogenous antioxidant enzyme activity, thereby
scavenging excessive oxygen free radicals and protecting against
LL-IRI (Kili¢ et al., 2017).

Tramadol hydrochloride is an effective analgesic for acute and
chronic pain, such as cancer pain, neuropathic pain, and
postoperative pain (Sen et al, 2020). Tramadol has been
demonstrated to alleviate IRI in heart or brain tissue (Akkurt
et al, 2018). Tramadol exerts antioxidant effects by reducing
lipid peroxidation levels and enhancing antioxidant enzyme
activity and displays potential therapeutic benefits in treating LL-
IRI (Takhtfooladi et al., 2014).

Acetylcysteine, p-glucan, and coenzyme Q10 have antioxidant
and anti-inflammatory effects against reperfusion injury (Testai
et al., 2021; Croome, 2023). In mouse models of hind limb IRI,
administration of any of these antioxidant agents resulted in
decreased levels of MDA and significantly increased levels of
GPX and SOD, and mouse survival rates were generally
increased. These results suggest that N-acetylcysteine, p-glucan,
and coenzyme Q10 contribute to reducing damage from LL-IRI
(Bolcal et al., 2007).

Mitigating mitochondrial damage

Mitochondrial dysfunction plays a crucial role in the
of LL-IRL
mitochondrial oxidative capacity and premature mPTP opening.

development Key aspects include impaired
An imbalance between ROS production and clearance because of
mitochondrial dysfunction, along with increased inflammation,
exacerbates oxidative stress. Mitochondria are both participants
in ischemia-reperfusion and the targets of its effects (Zeng
et al.,, 2023).

mPTP opening plays a crucial role in the development of IRI,
contributing to cell death. Irisin, a 112-amino acid hormone
primarily secreted in skeletal and cardiac muscle, exhibits various
pharmacological effects including antioxidant, anti-apoptotic, anti-
inflammatory, neuroprotective, and hepatoprotective properties. In
the context of ischemic heart injury, irisin significantly improved
post-ischemic ventricular function and reduced infarct size by
inhibiting mPTP opening, preventing mitochondrial swelling, and

protecting mitochondrial function (Wang et al, 2017). Recent
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studies confirmed that irisin plays an important role in
mitigating LL-IRI by
simultaneously reducing oxidative stress levels and inflammatory
responses (Kiiciik et al., 2021).

improving mitochondrial function,

(NIM-811) is a
mitochondria-specific drug that prevents LL-IRI by inhibiting the
opening of the PTP (Garbaisz et al., 2014).

Hydrogen sulfide (H,S) is a gasotransmitter that, along with

N-methyl-4-isoleucine-cyclosporin

nitric oxide (NO) and carbon monoxide, initiates various signaling
pathways within cells. Traditionally known for its characteristic
rotten egg odor and toxic properties, recent evidence suggests that
trace amounts of H,S can affect vascular dilation, metabolism, cell
apoptosis, and mitochondrial electron transport chain, among other
signaling pathways (Beltowski, 2015). H,S functions by inhibiting
the opening of the mPTP, thereby mitigating mitochondria-induced
cell death. This effectively protects limbs from ischemia-
reperfusion-induced mitochondrial damage, preserves
mitochondrial energy metabolism, and prevents excessive ATP
consumption (Fu et al., 2019).

During the process of IRI, increased ROS levels cause
mitochondrial swelling, dysfunction, and even rupture, leading to
the release of cytochrome ¢ from mitochondria. Studies revealed that
cytochrome ¢ leakage from mitochondria initiates apoptotic
signaling cascades, ultimately resulting in cell death (Chen et al,
2006). SS-31 (elamipretide), a mitochondria-targeted antioxidant,
has been reported to improve mitochondrial function, and its
efficacy against various diseases was reported in clinical trials
(Zhang et al, 2022). SS-31

cardiolipin, reducing mitochondrial ROS production, enhancing

interacts with mitochondrial
ATP production, preventing mitochondrial swelling, clearing
ROS, and reducing oxidative stress (Hao et al, 2015).
Experimental  studies demonstrated the preventive and
therapeutic effects of SS-31 in a mouse model of LL-IRI (Cai
et al.,, 2018).

Anti-inflammatory response

Inflammation is a local reaction in various diseases characterized
by neutrophil infiltration. Thrombin participates in the multiple
processes of inflammatory cascade reactions, and thus, coagulase
inhibitors might be useful for IRI treatment because they reduce the
neutrophil-endothelial interaction mediated by coagulase (Iba et al.,
2024). that
preconditioning can reduce inflammatory factor levels and
alleviate IRI in the heart and kidneys (Huang et al., 2019; Firdus
et al, 2022). Low-molecular-weight heparin (LMWH) is an
antithrombotic drug that depends on AT-IIL In addition to its
anti-coagulant and anti-thrombotic effects, LMWH can attenuate

Many experiments found antithrombin  III

inflammatory responses and regulate calcium homeostasis. Jin et al.
demonstrated that administering LMWH after limb surgery
mitigated IRI and reduced inflammation in rat hind limbs caused
by tourniquet application (He et al., 2021).

C1 esterase inhibitor (C1 INH) is a major regulator of the
complement system, as it interacts with all three pathways of
complement activation and plays a crucial role in both coagulation
and the kinin system. C1 INH acts on various inflammatory cascades
related to IRI. By inhibiting kallikrein release, FXIa, FXIIa, and the
complement system, C1 INH modulates inflammation and thrombus
formation processes associated with IRI. Experimental evidence

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1576091

Peng et al.

suggests that C1 INH treatment significantly reduces the levels of pro-
inflammatory cytokines such as TNF-a, reduces skeletal muscle
edema, and preserves muscle cell viability to protect against
peripheral IRI. Therefore, C1 INH
therapeutic option that can reduce complex and prolonged IRI

represents a promising
requiring tourniquet application in surgical procedures involving
the lower limbs (Duehrkop et al., 2013).

Neutrophils play a crucial role in ischemia-reperfusion-induced
skeletal muscle injury. Microtubules are necessary for neutrophil
activation under various stimuli. Studies reported that the
blocker
ischemia-reperfusion-induced skeletal muscle injury and edema

microtubule colchicine can significantly reduce
in rats by reducing the release of inflammatory factors such as
TNF-a and IL-1p (Orhan et al.,, 2024).

NF-«B plays a major role in the pathogenesis of skeletal muscle
IRI. Schisandrin B (ScB), the most abundant lignan in the plant
Schisandra chinensis, inhibits oxidative stress and inflammatory
responses induced by hind limb IRI in rats via the MAPK/NF-kB
pathway, suggesting that ScB can mitigate hind limb IRI-induced
tissue damage (Zhu et al., 2017). Furthermore, caffeic acid phenethyl
ester, a potent NF-kB inhibitor, protected rat skeletal muscle from
IRI by suppressing the NF-kB signaling pathway and reducing tissue

inflammation (Andrade-Silva et al., 2009).

Protection of VECs and promotion of angiogenesis

Microvascular dysfunction is a main pathogenic factor of IRL
Microvascular ~ stress during ischemia-reperfusion can be
exacerbated by impaired vascular function, reduced capillary
perfusion, leuco-endothelial cell adhesion, albumin leakage, and
However, the molecular mechanisms of

microvascular injury and endothelial cell death remain unclear.

interstitial edema.

Alleviating endothelial cell death might represent a promising

therapeutic strategy for the management of
ischemia-reperfusion-related diseases (Chen et al., 2023).

Saffron is widely used in traditional Chinese medicine to treat
cardiovascular and cerebrovascular diseases. Hydroxysafflor yellow
A (HSYA), the main active component of saffron, exhibits multiple
biological activities. HSYA is used in the treatment of myocardial
and cerebral ischemia, hypertension, atherosclerosis, vascular
dementia and traumatic brain injury (Bai et al, 2020). In a
mouse hind limb ischemia model, HSYA enhanced blood flow
recovery and increased capillary and small artery density. This
that HSYA promotes

significant potential efficacy in treating LL-IRI (Chen et al., 2016).

suggests angiogenesis, indicating its

Tubeimoside I (TBM) is an extract from the traditional Chinese
herb Tubeimu, and it has proven efficacy as an anti-tumor agent
against various human cancers (Yang et al,, 2021b). In traditional
Chinese medicine, TBM has been used for more than 1000 years to
treat acute mastitis, snake bites, inflammatory diseases, and tumors,
in addition to uses as a detoxifying agent (Yang et al., 2021a).

Melatonin (MLT) is a hormone secreted primarily in the pineal
gland, and it is involved in regulating neovascularization and
inhibiting tumor development. Recent studies found that MLT can
effectively combat oxidative stress injury in vascular endothelial cells,
protect vascular endothelial cells by reducing ROS, promote
neovascularization, and thus protect the myocardium from the
effects of IRI (Cheng J. et al, 2019; Mao et al., 2020). Therefore,
MLT might be useful in the treatment of LL-IRI.
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MicroRNAs (miRNAs) comprise a class of small RNAs of
approximately 21-25 nucleotides in length. They are widely
present in eukaryotes, and their dysregulation is closely
associated with the occurrence and progression of various
diseases (Wu et al, 2014). miRNAs can regulate both IRI and
ischemic preconditioning and postconditioning. miR-126 is the
most highly expressed miRNA in endothelial cells, including
those in the heart, lungs, and other organs (Qin et al, 2013).
miR-126 is highly enriched in endothelial cells, and it plays a
regulatory role in vascular integrity and pathophysiology. In
particular, it activates the PI3K/Akt/eNOS signaling pathway;
promotes the production of SOD, NO, and vascular endothelial
growth factor; and enhances cell proliferation and lumen formation
capabilities while inhibiting ROS levels and the expression of IL-6,
IL-10, and TNF-q, thereby attenuating apoptosis and protecting
endothelial cells against IRI and inflammation (Yang et al., 2017).
Endothelial dysfunction in VECs plays a crucial role in IRI-related
diseases, with miRNAs being key factors in this process. In a rat
model of IRI, downregulation of miR-26a and concomitant
upregulation of PFKFB3 were observed in vascular tissues
(Hanson et al, 2023). Wu et al. reported that miR-26a RNA
mitigates VEC damage induced by LL-IRI in rats by inhibiting
PFKFB3 and activating the AMPK pathway (Wu et al, 2019).
Kriippel-like factors (KLFs) are major players in transcriptional
networks that control proliferation, apoptosis, differentiation,
development, and tumorigenesis. As a transcriptional regulator of
the KLF family, KLF10 has been identified as a target gene regulating
the expression of various genes and signaling pathways, and it is also
a target gene of miR-19 (Yuce and Ozkan, 2024). In the vascular
epithelial tissues of rats with LL-IRI, miR-19 overexpression reduced
the expression of KLF10, TGF-P1, and Smad2/3. Reduced miR-19
expression inhibits VEC proliferation, arrests VECs in the G1 phase,
and induces apoptosis of these cells following LL-IRI (Xu et al.,
2018). These findings suggest that miR-19 acts as an inhibitor of IRI-
induced VEC damage by inhibiting KLF10 via the TGF-p1/Smad
signaling pathway.

Inhibition of cell apoptosis

Repeated ischemia-reperfusion therapy performed on organs or
tissues after ischemia following LL-IRI significantly reduces
apoptosis levels in vascular tissues, decreases the expression of
p-p38 MAPK and its downstream factor ATF-2, and alleviates
vascular damage in the lower-limb arteries. Co-administration of
MAPK pathway inhibitors during post-treatment after LL-IRI
further reduces the rate of apoptosis. Inhibiting the MAPK
pathway additionally suppresses apoptosis, facilitating recovery
from LL-IRI (Guan et al., 2018).

Evidence indicates that the Akt signaling pathway plays a
significant role in cardiomyocyte apoptosis and myocardial IRI
(Yu et al, 2015). Pei et al. observed in a mouse model of
myocardial IRI that activation of the Akt signaling pathway can
reduce the protein expression of Bax, thereby significantly
protecting tissues from the effects of IRI (Pei et al.,, 2016). In a
model of LL-IRI established by Chen et al., silencing the PDCD4
gene activated the Akt signaling pathway, alleviating VEC damage
caused by LL-IRI in rats. PDCD4 might thus be an important
therapeutic target for LL-IRI (Chen et al,, 2019). Silencing of the
long non-coding RNA (IncRNA) antisense RNA 1 can further
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inhibit oxidative stress, exert anti-apoptotic effects, reduce
inflammatory responses, and protect against acute LL-IRI in rats
by activating the PI3K/Akt pathway (Shen et al., 2020).

Acute IRI led to reduced systolic tone, morphological damage,
macrophage infiltration, elevated TNF-a levels, and apoptosis in
gastrocnemius muscle. Chronic intermittent hypoxic depression
(CIHH) refers to high-altitude exposure over 6 months, with at
least 30% spent alternating shifts between high and low altitudes
(Tian et al,, 2021). In a skeletal muscle IRI mouse model, CIHH
pretreatment (5,000 m altitude, 6 h/day for 28 days) improved
systolic function and reduced apoptosis, macrophage infiltration
(CD68") and TNF-a levels while mitigating inflammation (Cheng
W. J. et al,, 2019).

Garlic, traditionally used in medicine, has demonstrated
protective effects against IRI in various organs, including the
heart, brain, kidneys, and liver (Czompa et al, 2018; Gomez
et al., 2019; Lasheen et al, 2019; Asdaq et al., 2021; Li et al,
2022). Garlic treatment resulted in significant decreases in
(CASP3)
degeneration, inflammatory infiltration, and skeletal muscle
edema were significantly reduced (Abd El-Mottaleb et al., 2019).

Sildenafil citrate, a phosphodiesterase-5 inhibitor, delays cGMP
and NO degradation (Zaobornyj et al., 2019). Early application of

caspase-3 expression,  apoptosis,  myofibrillar

sildenafil citrate reduced the apoptosis rate of skeletal muscle cells by
decreasing caspase-3 expression in a rat model of hind limb
ischemia, reducing skeletal muscle cell damage caused by IRI and
thus protecting against skeletal muscle LL-IRI-related damage
(Armstrong et al., 2013).

Conclusion

The exact mechanisms underlying IRI in clinical settings remain
unclear, hindering the development of effective treatments. A
thorough understanding of its complex pathophysiology and
cellular death pathways is crucial for discovering novel
therapeutic approaches.

Historically, cell death pathways were considered discrete and
non-interacting. However, emerging evidence has revealed intricate
crosstalk and regulatory relationships among apoptosis, pyroptosis,
necroptosis, and ferroptosis. The selection of these death modalities is
predominantly dictated by the extent of tissue damage and
microenvironmental conditions. The pathogenesis of IRI exhibits
The

orchestration of cell death has been recognized as a pivotal

remarkable complexity across multiple dimensions.
mechanism to mitigate IRI, with distinct cell death modalities
exerting critical yet heterogeneous roles that warrant systematic
investigation. Current therapeutic strategies predominantly target
conventional apoptotic pathways, overlooking alternative death
mechanisms. Furthermore, although the molecular intricacies of
IRI require further elucidation, most interventions remain confined
to isolated signaling pathways and continue to focus on apoptotic
pathways, neglecting other cell death modalities. A comprehensive
understanding of the pathophysiology of IRI will inform the
of multimodal thereby
significantly enhancing patient survival rates and improving quality

of life through the precision modulation of cell death networks.

development therapeutic ~ strategies,

Frontiers in Pharmacology

10.3389/fphar.2025.1576091

Author contributions

JP: Conceptualization, Writing — original draft, Writing - review
and editing. TD: Conceptualization, Writing - original draft,
Writing - review and editing. XW: Conceptualization,
Writing - original draft, Writing - review and editing. JiL:
Conceptualization, Writing — original draft, Writing — review and
draft,

Conceptualization,

editing. JW: Conceptualization, Writing -
editing. BL:

Writing - original draft, Writing - review and editing. JuL:

original
Writing - review and
Conceptualization, Writing — original draft, Writing - review and
editing. SW: Conceptualization, Writing -
editing. SZ:
Writing - original draft, Writing - review and editing. CY:
Conceptualization, Writing — original draft, Writing - review and
editing. GJ: draft,
Writing - review and editing.

original draft,

Writing - review and Conceptualization,

Conceptualization, Writing - original

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by the National Natural Science Foundation of China (82470511,
82460362), Hainan Province Science and Technology Special Fund
(ZDYF2022SHFZ293, ZDYF2024SHFZ120, ZDYF2025SHFZ050),
Hainan Provincial Natural Science Foundation of China
(823MS146), and Hainan Province Clinical Medical Center (2021).

Acknowledgments

We thank Medjaden Inc. for the scientific editing of this
manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

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

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1576091

Peng et al.

References

Abd El-Mottaleb, N. A., Mahmoud, G. S., Negm, E. A., and Abdel Maksoud, F. M.
(2019). Garlic antagonizes skeletal muscle ischemia reperfusion injury through
regulating inflammation, apoptosis and desmin expression in adult male rats. Int.
J. Physiol. Pathophysiol. Pharmacol. 11, 126-137. Available online at: https://pubmed.
ncbi.nlm.nih.gov/31523360/.

Aboo Bakkar, Z., Fulford, J., Gates, P. E., Jackman, S. R., Jones, A. M., Bond, B., et al.
(2018). Prolonged forearm ischemia attenuates endothelium-dependent vasodilatation
and plasma nitric oxide metabolites in overweight middle-aged men. Eur. J. Appl.
Physiol. 118, 1565-1572. doi:10.1007/s00421-018-3886-z

AKkurt, L, Cetin, C., Erdogan, A. M., Dincel, G. C., Ceylan, A. F,, Kisa, U,, et al. (2018).
Cerebral ischaemia/reperfusion injury could be managed by using tramadol. Neurol.
Res. 40, 774-784. doi:10.1080/01616412.2018.1477556

Andrade-Silva, A. R., Ramalho, F. S., Ramalho, L. N., Saavedra-Lopes, M., Jordao, A.
A., Jr., Vanucchi, H,, et al. (2009). Effect of NFkappaB inhibition by CAPE on skeletal
muscle ischemia-reperfusion injury. J. Surg. Res. 153, 254-262. doi:10.1016/j.jss.2008.
04.009

Aratd, E.,, Kiirthy, M, Sinay, L., Kasza, G., Menyhei, G., Hardi, P., et al. (2010). Effect
of vitamin E on reperfusion injuries during reconstructive vascular operations on lower
limbs. Clin. Hemorheol. Microcirc. 44, 125-136. doi:10.3233/ch-2010-1260

Armstrong, D. M., Armstrong Ada, C., Figueiredo, R. C., Florentino, J. E., Saad, P. F.,
Fox-Talbot, K., et al. (2013). Sildenafil citrate protects skeletal muscle of ischemia-
reperfusion injury: immunohistochemical study in rat model. Acta Cir. Bras. 28,
282-287. doi:10.1590/s0102-86502013000400008

Asdag, S. M. B,, Lokaraja, S., Alamri, A. S., Alsanie, W. F., Alhomrani, M., Almutiri, A.
H., et al. (2021). Potential interaction of fresh garlic with metformin during ischemia-
reperfusion induced cardiac injury in diabetic rats. Evid. Based Complement. Altern.
Med. 2021, 9739089. doi:10.1155/2021/9739089

Bai, X., Wang, W. X, Fu, R.].,, Yue, S.]., Gao, H., Chen, Y. Y., et al. (2020). Therapeutic
potential of hydroxysafflor yellow A on cardio-cerebrovascular diseases. Front.
Pharmacol. 11, 01265. doi:10.3389/fphar.2020.01265

Beltowski, J. (2015). Hydrogen sulfide in pharmacology and medicine--An update.
Pharmacol. Rep. 67, 647-658. doi:10.1016/j.pharep.2015.01.005

Bertheloot, D., Latz, E,, and Franklin, B. S. (2021). Necroptosis, pyroptosis and
apoptosis: an intricate game of cell death. Cell. Mol. Immunol. 18, 1106-1121. doi:10.
1038/541423-020-00630-3

Bolcal, C., Yildirim, V., Doganci, S., Sargin, M., Aydin, A., Eken, A., et al. (2007).
Protective effects of antioxidant medications on limb ischemia reperfusion injury.
J. Surg. Res. 139, 274-279. doi:10.1016/j.js5.2006.10.043

Bottoni, P., Gionta, G., and Scatena, R. (2022). Remarks on mitochondrial
myopathies. Int. J. Mol. Sci. 24, 124. doi:10.3390/ijms24010124

Cabral, B. M. I, Edding, S. N., Portocarrero, J. P., and Lerma, E. V. (2020).
Rhabdomyolysis. Dis. Mon. 66, 101015. doi:10.1016/j.disamonth.2020.101015

Cai, J., Chen, X,, Liu, X,, Li, Z,, Shi, A,, Tang, X, et al. (2022a). AMPK: the key to
ischemia-reperfusion injury. J. Cell. Physiol. 237, 4079-4096. doi:10.1002/jcp.30875

Cai, J,, Jiang, Y., Zhang, M., Zhao, H., Li, H,, Li, K,, et al. (2018). Protective effects of
mitochondrion-targeted peptide SS-31 against hind limb ischemia-reperfusion injury.
J. Physiol. Biochem. 74, 335-343. doi:10.1007/s13105-018-0617-1

Cai, S, Liu, Y., Cheng, Y., Yuan, J., and Fang, J. (2022b). Dexmedetomidine protects
cardiomyocytes against hypoxia/reoxygenation injury via multiple mechanisms. J. Clin.
Lab. Anal. 36, €24119. doi:10.1002/jcla.24119

Cearra, I, Herrero De La Parte, B., Moreno-Franco, D. 1., and Garcia-Alonso, 1.
(2021). A reproducible method for biochemical, histological and functional assessment
of the effects of ischaemia-reperfusion syndrome in the lower limbs. Sci. Rep. 11, 19325.
doi:10.1038/5s41598-021-98887-9

Cen, Y., Zou, X,, Zhong, Q., Chen, Y., Lin, Y., Feng, Q,, et al. (2022). The TIAR-
mediated Nrf2 response to oxidative stress is mediated through the Nrf2 noncoding
3’untranslated region in Spodoptera litura. Free Radic. Biol. Med. 184, 17-29. doi:10.
1016/j.freeradbiomed.2022.03.016

Chen, F, Zhan, J, Liu, M,, Mamun, A. A, Huang, S, Tao, Y., et al. (2023).
FGF2 alleviates microvascular ischemia-reperfusion injury by KLF2-mediated
ferroptosis inhibition and antioxidant responses. Int. J. Biol. Sci. 19, 4340-4359.
doi:10.7150/ijbs.85692

Chen, H., Zhu, H., Yang, J., Zhu, Y., Mei, J., Shen, H., et al. (2019). Role of
programmed cell death 4 (PDCD4)-Mediated Akt signaling pathway in vascular
endothelial cell injury caused by lower-extremity ischemia-reperfusion in rats. Med.
Sci. Monit. 25, 4811-4818. doi:10.12659/msm.914035

Chen, Q., Moghaddas, S., Hoppel, C. L., and Lesnefsky, E. J. (2006). Reversible
blockade of electron transport during ischemia protects mitochondria and decreases
myocardial injury following reperfusion. J. Pharmacol. Exp. Ther. 319, 1405-1412.
doi:10.1124/jpet.106.110262

Chen, T., Chen, N, Pang, N., Xiao, L., Li, Y., Li, R, et al. (2016). Hydroxysafflor yellow
A promotes angiogenesis via the angiopoietin 1/tie-2 signaling pathway. J. Vasc. Res. 53,
245-254. doi:10.1159/000452408

Frontiers in Pharmacology

10

10.3389/fphar.2025.1576091

Cheng, J., Yang, H. L., Gu, C.J,, Liu, Y. K,, Shao, J., Zhu, R, et al. (2019a). Melatonin
restricts the viability and angiogenesis of vascular endothelial cells by suppressing HIF-
1a/ROS/VEGEF. Int. ]. Mol. Med. 43, 945-955. doi:10.3892/ijmm.2018.4021

Cheng, W., Wang, M., Liu, P., Zhao, S., Liu, X., and Wang, X. (2019b). Protective
effects of dexmedetomidine and oxycodone in patients undergoing limb ischemia-
reperfusion. Med. Sci. Monit. 25, 9073-9084. doi:10.12659/msm.918261

Cheng, W. J,, Liu, X,, Zhang, L., Guo, X. Q., Wang, F. W., Zhang, Y., et al. (2019¢).
Chronic intermittent hypobaric hypoxia attenuates skeletal muscle ischemia-
reperfusion injury in mice. Life Sci. 231, 116533. doi:10.1016/j.1fs.2019.06.008

Cheung, E. C,, and Vousden, K. H. (2022). The role of ROS in tumour development
and progression. Nat. Rev. Cancer 22, 280-297. doi:10.1038/s41568-021-00435-0

Clarke, T. L., and Mostoslavsky, R. (2020). Resveratrol: friend or foe? Mol. Cell. 79,
705-707. doi:10.1016/j.molcel.2020.08.008

Croome, K. P. (2023). N-Acetylcysteine and reduction of ischemia-reperfusion injury
in liver transplantation. Transplantation 107, 1874. doi:10.1097/tp.0000000000004598

Czompa, A., Szoke, K., Prokisch, J., Gyongyosi, A., Bak, I, Balla, G., et al. (2018). Aged
(black) versus raw garlic against ischemia/reperfusion-induced cardiac complications.
Int. J. Mol. Sci. 19, 1017. doi:10.3390/ijms19041017

De Carvalho, E. G., Corsini, W., and Hermes, T. A. (2023). Severe muscle damage
after a short period of ischemia and reperfusion in an animal model. Surgery 174,
363-368. doi:10.1016/j.surg.2023.04.033

Dodson, M., De La Vega, M. R., Cholanians, A. B., Schmidlin, C.J., Chapman, E., and
Zhang, D. D. (2019). Modulating NRF2 in disease: timing is everything. Annu. Rev.
Pharmacol. Toxicol. 59, 555-575. doi:10.1146/annurev-pharmtox-010818-021856

Duehrkop, C., Banz, Y., Spirig, R,, Miescher, S., Nolte, M. W., Spycher, M., et al.
(2013). CI esterase inhibitor reduces lower extremity ischemia/reperfusion injury and
associated lung damage. PLoS One 8, €72059. doi:10.1371/journal.pone.0072059

Eltzschig, H. K., and Eckle, T. (2011). Ischemia and reperfusion--from mechanism to
translation. Nat. Med. 17, 1391-1401. doi:10.1038/nm.2507

Firdus, A., Avdagi¢, N., Fo¢ak, M., Mitraginovi¢-Bruli¢, M., and Suljevi¢, D. (2022).
Protective role of antithrombin III in suppressing acute responses in a rat model of renal
ischemia-reperfusion injury. Mol. Cell. Biochem. 477, 627-634. doi:10.1007/s11010-
021-04322-y

Forman, H. J., and Zhang, H. (2021). Targeting oxidative stress in disease: promise
and limitations of antioxidant therapy. Nat. Rev. Drug Discov. 20, 689-709. doi:10.1038/
541573-021-00233-1

Fu, ], Cheng, X. H., and Zhang, L. (2019). Effect of hydrogen sulphide on
inflammatory factors of the mitochondria after limb ischaemia-reperfusion injury in
rats. Int. Wound J. 16, 595-600. doi:10.1111/iwj.13068

Fukai, T., and Ushio-Fukai, M. (2020). Cross-talk between NADPH oxidase and
mitochondria: role in ROS signaling and angiogenesis. Cells 9, 1849. doi:10.3390/
cells9081849

Garbaisz, D., Turoczi, Z., Aranyi, P., Fulop, A., Rosero, O., Hermesz, E., et al. (2014).
Attenuation of skeletal muscle and renal injury to the lower limb following ischemia-
reperfusion using mPTP inhibitor NIM-811. PLoS One 9, €101067. doi:10.1371/journal.
pone.0101067

Giordano, A., and Tommonaro, G. (2019). Curcumin and cancer. Nutrients 11, 2376.
doi:10.3390/nu11102376

Gomez, C. D., Aguilera, P., Ortiz-Plata, A., Lopez, F. N., Chdnez-Cardenas, M. E.,
Flores-Alfaro, E., et al. (2019). Aged garlic extract and S-allylcysteine increase the
GLUT3 and GCLC expression levels in cerebral ischemia. Adv. Clin. Exp. Med. 28,
1609-1614. doi:10.17219/acem/110328

Gongalves, R. A., Sudo, F. K., Lourenco, M. V., Drummond, C., Assun¢do, N.,
Vanderborght, B., et al. (2023). Cerebrospinal fluid irisin and lipoxin A4 are reduced in
elderly Brazilian individuals with depression: insight into shared mechanisms between
depression and dementia. Alzheimers Dement. 19, 2595-2604. doi:10.1002/alz.12893

Guan, H. L, Xie, S. Y., Zhang, F., and Jin, X. (2018). The involvement of p38MAPK in
the rat model of lower-extremity arterial ischemia-reperfusion injury. Eur. Rev. Med.
Pharmacol. Sci. 22, 5659-5664. doi:10.26355/eurrev_201809_15833

Hanson, B. E,, Feider, A. J., Hanada, S., Aldrich, A. W., and Casey, D. P. (2023).
Muscle blood flow and vasodilation are blunted at the onset of exercise following an
acute bout of ischemia-reperfusion. J. Appl. Physiol. 135, 1053-1061. doi:10.1152/
japplphysiol.00314.2023

Hao, S., Ji, J., Zhao, H., Shang, L., Wu, ], Li, H,, et al. (2015). Mitochondrion-targeted
peptide SS-31 inhibited oxidized low-density lipoproteins-induced foam cell formation
through both ROS scavenging and inhibition of cholesterol influx in RAW264.7 cells.
Molecules 20, 21287-21297. doi:10.3390/molecules201219764

He, J., He, L., Lu, F., Geng, B., and Xia, Y. (2021). Low-molecular-weight heparin
calcium attenuates the tourniquet-induced ischemia-reperfusion injury in rats. Injury
52, 2068-2074. doi:10.1016/j.injury.2021.03.006

Huang, K. Y., Wang, ]. N,, Zhou, Y. Y., Wu, S. Z,, Tao, L. Y., Peng, Y. P,, et al. (2019).
Antithrombin III alleviates myocardial ischemia/reperfusion injury by inhibiting

frontiersin.org


https://pubmed.ncbi.nlm.nih.gov/31523360/
https://pubmed.ncbi.nlm.nih.gov/31523360/
https://doi.org/10.1007/s00421-018-3886-z
https://doi.org/10.1080/01616412.2018.1477556
https://doi.org/10.1016/j.jss.2008.04.009
https://doi.org/10.1016/j.jss.2008.04.009
https://doi.org/10.3233/ch-2010-1260
https://doi.org/10.1590/s0102-86502013000400008
https://doi.org/10.1155/2021/9739089
https://doi.org/10.3389/fphar.2020.01265
https://doi.org/10.1016/j.pharep.2015.01.005
https://doi.org/10.1038/s41423-020-00630-3
https://doi.org/10.1038/s41423-020-00630-3
https://doi.org/10.1016/j.jss.2006.10.043
https://doi.org/10.3390/ijms24010124
https://doi.org/10.1016/j.disamonth.2020.101015
https://doi.org/10.1002/jcp.30875
https://doi.org/10.1007/s13105-018-0617-1
https://doi.org/10.1002/jcla.24119
https://doi.org/10.1038/s41598-021-98887-9
https://doi.org/10.1016/j.freeradbiomed.2022.03.016
https://doi.org/10.1016/j.freeradbiomed.2022.03.016
https://doi.org/10.7150/ijbs.85692
https://doi.org/10.12659/msm.914035
https://doi.org/10.1124/jpet.106.110262
https://doi.org/10.1159/000452408
https://doi.org/10.3892/ijmm.2018.4021
https://doi.org/10.12659/msm.918261
https://doi.org/10.1016/j.lfs.2019.06.008
https://doi.org/10.1038/s41568-021-00435-0
https://doi.org/10.1016/j.molcel.2020.08.008
https://doi.org/10.1097/tp.0000000000004598
https://doi.org/10.3390/ijms19041017
https://doi.org/10.1016/j.surg.2023.04.033
https://doi.org/10.1146/annurev-pharmtox-010818-021856
https://doi.org/10.1371/journal.pone.0072059
https://doi.org/10.1038/nm.2507
https://doi.org/10.1007/s11010-021-04322-y
https://doi.org/10.1007/s11010-021-04322-y
https://doi.org/10.1038/s41573-021-00233-1
https://doi.org/10.1038/s41573-021-00233-1
https://doi.org/10.1111/iwj.13068
https://doi.org/10.3390/cells9081849
https://doi.org/10.3390/cells9081849
https://doi.org/10.1371/journal.pone.0101067
https://doi.org/10.1371/journal.pone.0101067
https://doi.org/10.3390/nu11102376
https://doi.org/10.17219/acem/110328
https://doi.org/10.1002/alz.12893
https://doi.org/10.26355/eurrev_201809_15833
https://doi.org/10.1152/japplphysiol.00314.2023
https://doi.org/10.1152/japplphysiol.00314.2023
https://doi.org/10.3390/molecules201219764
https://doi.org/10.1016/j.injury.2021.03.006
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1576091

Peng et al.

excessive autophagy in a phosphoinositide 3-kinase/akt-dependent manner. Front.
Pharmacol. 10, 516. doi:10.3389/fphar.2019.00516

Iba, T., Helms, J., Levi, M., and Levy, J. H. (2024). Thromboinflammation in acute
injury: infections, heatstroke, and trauma. J. Thromb. Haemost. 22, 7-22. doi:10.1016/j.
jtha.2023.07.020

Jiang, X., Stockwell, B. R., and Conrad, M. (2021). Ferroptosis: mechanisms, biology
and role in disease. Nat. Rev. Mol. Cell. Biol. 22, 266-282. doi:10.1038/s41580-020-
00324-8

Kan, C,, Ungelenk, L., Lupp, A., Dirsch, O., and Dahmen, U. (2018). Ischemia-
reperfusion injury in aged livers-the energy metabolism, inflammatory response, and
autophagy. Transplantation 102, 368-377. doi:10.1097/tp.0000000000001999

Karahan, M. A,, Yalcin, S., Aydogan, H., Biiyiikfirat, E., Kiiciik, A., Kocarslan, S., et al.
(2016). Curcumin and dexmedetomidine prevents oxidative stress and renal injury in
hind limb ischemia/reperfusion injury in a rat model. Ren. Fail 38, 693-698. doi:10.
3109/0886022x.2016.1157746

Kasepalu, T., Kuusik, K., Lepner, U., Starkopf, J., Zilmer, M., Eha, J., et al. (2020).
Remote ischaemic preconditioning reduces kidney injury biomarkers in patients
undergoing open surgical lower limb revascularisation: a randomised trial. Oxid.
Med. Cell. Longev. 2020, 7098505. doi:10.1155/2020/7098505

Kilg, Y., Ozer, A, Tatar, T., Zor, M. H., Kiris¢i, M., Kartal, H., et al. (2017). Effect of
picroside IT on hind limb ischemia reperfusion injury in rats. Drug Des. Devel Ther. 11,
1917-1925. doi:10.2147/dddt.s132401

Kim, J. H., Kim, Y. C., Nahm, F. S,, and Lee, P. B. (2017). The therapeutic effect of
vitamin C in an animal model of complex regional pain syndrome produced by
prolonged hindpaw ischemia-reperfusion in rats. Int. J. Med. Sci. 14, 97-101. doi:10.
7150/ijms.17681

Kirig¢i, M., Giineri, B., Seyithanoglu, M., Kazanci, U., Doganer, A., and Giines, H.
(2020). The protective effects of lycopene on ischemia/reperfusion injury in rat hind
limb muscle model. Ulus. Travma Acil Cerrahi Derg. 26, 351-360. doi:10.14744/tjtes.
2020.81456

Kiigiik, A., Polat, Y., Kiligarslan, A., Siingii, N., Kartal, H., Dursun, A. D., et al. (2021).
Irisin protects against hind limb ischemia reperfusion injury. Drug Des. Devel Ther. 15,
361-368. doi:10.2147/dddt.s279318

Lasheen, N. N, Elayat, W. M., Elrefai, M. F. M., Zaki, W. S., Ahmed, E. H., El Sheikh,
R. M. N,, et al. (2019). Possible role of garlic oil in ameliorating renal injury after liver
ischemia/reperfusion in rats. J. Physiol. Pharmacol. 70. doi:10.26402/jpp.2019.5.12

Leurcharusmee, P., Sawaddiruk, P., Punjasawadwong, Y., Sugandhavesa, N.,
Klunklin, K., Tongprasert, S., et al. (2022). Ischemic preconditioning upregulates
Mitofusin2 and preserves muscle strength in tourniquet-induced ischemia/
reperfusion. J. Orthop. Transl. 35, 113-121. doi:10.1016/j.jot.2022.09.012

Li, J., Cao, F,, Yin, H. L., Huang, Z. J,, Lin, Z. T., Mao, N,, et al. (2020). Ferroptosis:
past, present and future. Cell. Death Dis. 11, 88. doi:10.1038/s41419-020-2298-2

Li, W., Huang, R., Gong, X, Zhao, Z., Zhang, L., Zhou, Q,, et al. (2022). Allicin
attenuated hepatic ischemia/reperfusion injury in mice by regulating PPARy-IRAK-M-
TLR4 signal pathway. Food Funct. 13, 7361-7376. doi:10.1039/d2f0o00751g

Liang, Z., Zhang, W., Zhu, T, Li, Y., Cao, P,, Wu, Y,, et al. (2021). Ischemia-
reperfusion injury in peripheral artery disease and traditional Chinese medicine
treatment. Evid. Based Complement. Altern. Med. 2021, 4954070. doi:10.1155/2021/
4954070

Ma, Q. (2013). Role of nrf2 in oxidative stress and toxicity. Annu. Rev. Pharmacol.
Toxicol. 53, 401-426. doi:10.1146/annurev-pharmtox-011112-140320

Magnoni, F., Pedrini, L., Palumbo, N., Cirelli, M. R,, and Faggioli, G. L. (1996).
Ischemia: reperfusion syndrome of the lower limbs. Int. Angiol. 15, 350-353. Available
online at: https://pubmed.ncbi.nlm.nih.gov/9127777/.

Mansour, Z., Bouitbir, J., Charles, A. L., Talha, S., Kindo, M., Pottecher, J., et al.
(2012). Remote and local ischemic preconditioning equivalently protects rat skeletal
muscle mitochondrial function during experimental aortic cross-clamping. J. Vasc.
Surg. 55, 497-505. doi:10.1016/j.jvs.2011.07.084

Mao, Z.]., Lin, H,, Xiao, F. Y., Huang, Z. Q., and Chen, Y. H. (2020). Melatonin
against myocardial ischemia-reperfusion injury: a meta-analysis and mechanism
insight from animal studies. Oxid. Med. Cell. Longev. 2020, 1241065. doi:10.1155/
2020/1241065

Mutirangura, P., Chinsakchai, K., Wongwanit, C., Ratanarat, R., and Ruangsetakit, C.
(2009). Successful revascularization with intraoperative venous drainage of ischemic
limbs through hemodialysis in severe acute saddle aortic embolism. EJVES Extra 39,
€69-€72. doi:10.1016/j.ejvsextra.2009.09.003

Orhan, A., Gigek O, F., Oztiirk, B., Akbayrak, H., Unlitkal, N., Vatansev, H., et al.
(2024). The effects of colchicum dispert and bone marrow-derived mesenchymal stem

cell therapy on skeletal muscle injury in a rat aortic ischemia-reperfusion model.
J. Cardiovasc Dev. Dis. 11, 251. doi:10.3390/jcdd11080251

Osterberg, K., Falkenberg, M., and Resch, T. (2014). Endovascular technique for
arterial shunting to prevent intraoperative ischemia. Eur. J. Vasc. Endovasc. Surg. 48,
126-130. doi:10.1016/j.€jvs.2014.04.007

Pei, Y. H., Chen, J., Xie, L., Cai, X. M,, Yang, R. H, Wang, X, et al. (2016).
Hydroxytyrosol protects against myocardial ischemia/reperfusion injury through a

Frontiers in Pharmacology

11

10.3389/fphar.2025.1576091

PI3K/Akt-Dependent mechanism. Mediat. Inflamm. 2016, 1232103. doi:10.1155/2016/
1232103

Peng, X, Zhu, X,, Luan, J,, Lin, J., Zhang, Y., Wang, Q., et al. (2022). Lipoxin
A4 alleviates inflammation in Aspergillus fumigatus-stimulated human corneal
epithelial cells by Nrf2/HO-1 signaling pathway. Mol. Vis. 28, 441-450. Available
online at: https://pubmed.ncbi.nlm.nih.gov/36601409/.

Qin, A, Wen, Z,, Zhou, Y., Li, Y., Li, Y., Luo, ], et al. (2013). MicroRNA-126 regulates
the induction and function of CD4(+) Foxp3(+) regulatory T cells through PI3K/AKT
pathway. J. Cell. Mol. Med. 17, 252-264. doi:10.1111/jemm.12003

Saran, M., and Malarkey, S. (2019). Edematous bullae: an atypical presentation of
reperfusion injury. A discussion of ischemic-reperfusion injury and presentation of an
atypical case. Cureus 11, €5376. doi:10.7759/cureus.5376

Sen, E., Kaplan, D. S., Bozdag, Z., Orkmez, M., Mizrak, A., Sen, H., et al. (2020). The
effect of tramadol on oxidative stress total antioxidant levels in rats with renal ischemia-
reperfusion injury. Turk J. Urol. 46, 388-392. doi:10.5152/tud.2020.20227

Sengel, N, Kiigiik, A., Ozdemir, C., Sezen S, C., Kip, G., Er, F,, et al. (2023). The effect
of sevoflurane and fullerenol C 60 on the liver and kidney in lower extremity ischemia-
reperfusion injury in mice with streptozocin-induced diabetes. Int. J. Nanomedicine 18,
7543-7557. doi:10.2147/ijn.s432924

Shen, G. H,, Song, Y., Yao, Y., Sun, Q. F., Jing, B., Wu, ], et al. (2020). Downregulation
of DLGAPI-antisense RNA 1 alleviates vascular endothelial cell injury via activation of
the phosphoinositide 3-kinase/Akt pathway results from an acute limb ischemia rat
model. Eur. . Vasc. Endovasc. Surg. 59, 98-107. doi:10.1016/.€jvs.2019.06.032

Simon, M. A., Tibbits, E. M., Hoareau, G. L., Davidson, A. J., Desoucy, E. S.,
Faulconer, E. R, et al. (2018). Lower extremity cooling reduces ischemia-reperfusion
injury following Zone 3 REBOA in a porcine hemorrhage model. J. Trauma Acute Care
Surg. 85, 512-518. doi:10.1097/ta.0000000000001990

Song, X., Liu, Z., Zeng, R., Shao, J., Zheng, Y., and Ye, W. (2021). Resveratrol alleviates
vascular endothelial damage caused by lower-extremity ischemia reperfusion (I/R)
through regulating keapl/nrf2 signaling-mediated oxidative stress. Evid. Based
Complement. Altern. Med. 2021, 5556603. doi:10.1155/2021/5556603

Sprick, J. D., Mallet, R. T., Przyklenk, K., and Rickards, C. A. (2019). Ischaemic and
hypoxic conditioning: potential for protection of vital organs. Exp. Physiol. 104,
278-294. doi:10.1113/ep087122

Takhtfooladi, H. A., Takhtfooladi, M. A., Karimi, P., Asl, H. A., and Mobarakeh, S. Z.
(2014). Influence of tramadol on ischemia-reperfusion injury of rats’ skeletal muscle.
Int. J. Surg. 12, 963-968. doi:10.1016/j.ijsu.2014.07.015

Takhtfooladi, M. A., Shahzamani, M., Takhtfooladi, H. A., Moayer, F., and Allahverdi,
A. (2015). Effects of light-emitting diode (LED) therapy on skeletal muscle ischemia
reperfusion in rats. Lasers Med. Sci. 30, 311-316. d0i:10.1007/s10103-014-1670-9

Testai, L., Martelli, A., Flori, L., Cicero, A. F. G., and Colletti, A. (2021). Coenzyme
Q(10): clinical applications beyond cardiovascular diseases. Nutrients 13, 1697. doi:10.
3390/nul3051697

Tian, Y., Zhang, L., Guo, X,, Gao, Z., Zhang, Y., Zhang, L., et al. (2021). Chronic
intermittent hypobaric hypoxia attenuates ischemic limb injury by promoting
angiogenesis in mice. Can. J. Physiol. Pharmacol. 99, 1191-1198. doi:10.1139/cjpp-
2021-0047

Tonelli, C., Chio, L. I. C., and Tuveson, D. A. (2018). Transcriptional regulation by
Nrf2. Antioxid. Redox Signal 29, 1727-1745. doi:10.1089/ars.2017.7342

Tong, X., Tang, R, Xiao, M., Xu, J., Wang, W., Zhang, B., et al. (2022). Targeting cell
death pathways for cancer therapy: recent developments in necroptosis, pyroptosis,
ferroptosis, and cuproptosis research. J. Hematol. Oncol. 15, 174. doi:10.1186/s13045-
022-01392-3

Wang, H., Zhao, Y. T., Zhang, S., Dubielecka, P. M., Dy, J., Yano, N, et al. (2017).
Irisin plays a pivotal role to protect the heart against ischemia and reperfusion injury.
J. Cell. Physiol. 232, 3775-3785. doi:10.1002/jcp.25857

Wang, Y., and Kanneganti, T. D. (2021). From pyroptosis, apoptosis and necroptosis
to PANoptosis: a mechanistic compendium of programmed cell death pathways.
Comput. Struct. Biotechnol. J. 19, 4641-4657. doi:10.1016/j.csbj.2021.07.038

Wu, M. Y, Yiang, G. T,, Liao, W. T., Tsai, A. P., Cheng, Y. L., Cheng, P. W,, et al.
(2018). Current mechanistic concepts in ischemia and reperfusion injury. Cell. Physiol.
Biochem. 46, 1650-1667. doi:10.1159/000489241

Wu, S., Guo, X,, Shang, J., Li, Y., Dong, W., Peng, Q., et al. (2022). Effects of lycopene

attenuating injuries in ischemia and reperfusion. Oxid. Med. Cell. Longev. 2022,
9309327. doi:10.1155/2022/9309327

Wu, X. B,, Wang, M. Y,, Zhu, H. Y., Tang, S. Q,, You, Y. D, and Xie, Y. Q. (2014).
Overexpression of microRNA-21 and microRNA-126 in the patients of bronchial
asthma. Int. J. Clin. Exp. Med. 7, 1307-1312. Available online at: https://pubmed.ncbi.
nlm.nih.gov/24995087/.

Wu, Y., Zhang, M. H,, Xue, Y., Zhang, T., Wu, N., Guo, W, et al. (2019). Effect of
microRNA-26a on vascular endothelial cell injury caused by lower extremity ischemia-
reperfusion injury through the AMPK pathway by targeting PFKFB3. J. Cell. Physiol.
234, 2916-2928. doi:10.1002/jcp.27108

Xu, Y. L, Zhang, M. H.,, Guo, W., Xue, Y., Du, X, Zhang, T., et al. (2018). MicroRNA-
19 restores vascular endothelial cell function in lower limb ischemia-reperfusion injury

frontiersin.org


https://doi.org/10.3389/fphar.2019.00516
https://doi.org/10.1016/j.jtha.2023.07.020
https://doi.org/10.1016/j.jtha.2023.07.020
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1097/tp.0000000000001999
https://doi.org/10.3109/0886022x.2016.1157746
https://doi.org/10.3109/0886022x.2016.1157746
https://doi.org/10.1155/2020/7098505
https://doi.org/10.2147/dddt.s132401
https://doi.org/10.7150/ijms.17681
https://doi.org/10.7150/ijms.17681
https://doi.org/10.14744/tjtes.2020.81456
https://doi.org/10.14744/tjtes.2020.81456
https://doi.org/10.2147/dddt.s279318
https://doi.org/10.26402/jpp.2019.5.12
https://doi.org/10.1016/j.jot.2022.09.012
https://doi.org/10.1038/s41419-020-2298-2
https://doi.org/10.1039/d2fo00751g
https://doi.org/10.1155/2021/4954070
https://doi.org/10.1155/2021/4954070
https://doi.org/10.1146/annurev-pharmtox-011112-140320
https://pubmed.ncbi.nlm.nih.gov/9127777/
https://doi.org/10.1016/j.jvs.2011.07.084
https://doi.org/10.1155/2020/1241065
https://doi.org/10.1155/2020/1241065
https://doi.org/10.1016/j.ejvsextra.2009.09.003
https://doi.org/10.3390/jcdd11080251
https://doi.org/10.1016/j.ejvs.2014.04.007
https://doi.org/10.1155/2016/1232103
https://doi.org/10.1155/2016/1232103
https://pubmed.ncbi.nlm.nih.gov/36601409/
https://doi.org/10.1111/jcmm.12003
https://doi.org/10.7759/cureus.5376
https://doi.org/10.5152/tud.2020.20227
https://doi.org/10.2147/ijn.s432924
https://doi.org/10.1016/j.ejvs.2019.06.032
https://doi.org/10.1097/ta.0000000000001990
https://doi.org/10.1155/2021/5556603
https://doi.org/10.1113/ep087122
https://doi.org/10.1016/j.ijsu.2014.07.015
https://doi.org/10.1007/s10103-014-1670-9
https://doi.org/10.3390/nu13051697
https://doi.org/10.3390/nu13051697
https://doi.org/10.1139/cjpp-2021-0047
https://doi.org/10.1139/cjpp-2021-0047
https://doi.org/10.1089/ars.2017.7342
https://doi.org/10.1186/s13045-022-01392-3
https://doi.org/10.1186/s13045-022-01392-3
https://doi.org/10.1002/jcp.25857
https://doi.org/10.1016/j.csbj.2021.07.038
https://doi.org/10.1159/000489241
https://doi.org/10.1155/2022/9309327
https://pubmed.ncbi.nlm.nih.gov/24995087/
https://pubmed.ncbi.nlm.nih.gov/24995087/
https://doi.org/10.1002/jcp.27108
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1576091

Peng et al.

through the KLF10-dependent TGF-P1/Smad signaling pathway in rats. J. Cell.
Biochem. 119, 9303-9315. doi:10.1002/jcb.27207

Yan, H. F., Zou, T., Tuo, Q. Z,, Xu, S., Li, H,, Belaidi, A. A,, et al. (2021). Ferroptosis:
mechanisms and links with diseases. Signal Transduct. Target Ther. 6, 49. doi:10.1038/
541392-020-00428-9

Yang, H. H,, Chen, Y., Gao, C. Y., Cui, Z. T., and Yao, J. M. (2017). Protective
effects of MicroRNA-126 on human cardiac microvascular endothelial cells against
hypoxia/reoxygenation-induced injury and inflammatory response by activating
PI3K/Akt/eNOS signaling pathway. Cell. Physiol. Biochem. 42, 506-518. doi:10.
1159/000477597

Yang, X, Li, X,, Luo, M., Guo, Y., Li, C,, Lv, D,, et al. (2021a). Tubeimoside I promotes
angiogenesis via activation of eNOS-VEGEF signaling pathway. J. Ethnopharmacol. 267,
113642. doi:10.1016/}.jep.2020.113642

Yang, X, Li, X,, Luo, M,, Li, C, Huang, L., Li, X,, et al. (2021b). Tubeimoside I

improves endothelial function in sepsis via activation of SIRT3. Lab. Investig. 101,
897-907. doi:10.1038/s41374-021-00580-y

Yu, L, Li, F,, Zhao, G, Yang, Y., Jin, Z., Zhai, M., et al. (2015). Protective effect of
berberine against myocardial ischemia reperfusion injury: role of Notch1/Hes1-PTEN/
AKt signaling. Apoptosis 20, 796-810. doi:10.1007/s10495-015-1122-4

Yuce, K., and Ozkan, A. I. (2024). The kruppel-like factor (KLF) family, diseases, and
physiological events. Gene 895, 148027. doi:10.1016/j.gene.2023.148027

Zaobornyj, T., Mazo, T., Perez, V., Gomez, A., Contin, M., Tripodi, V., et al. (2019).
Thioredoxin-1 is required for the cardioprotecive effect of sildenafil against ischaemia/
reperfusion injury and mitochondrial dysfunction in mice. Free Radic. Res. 53,
993-1004. doi:10.1080/10715762.2019.1661404

Frontiers in Pharmacology

12

10.3389/fphar.2025.1576091

Zeng, J., Liu, J., Ni, H., Zhang, L., Wang, J., Li, Y., et al. (2023). Mitochondrial
transplantation reduces lower limb ischemia-reperfusion injury by increasing skeletal
muscle energy and adipocyte browning. Mol. Ther. Methods Clin. Dev. 31, 101152.
doi:10.1016/j.0mtm.2023.101152

Zhang, C. C,, Zhang, Y., Zhang, Q., Guo, L. R,, and Gu, Y. Q. (2020). Treatment of
ischemia-reperfusion injury and acute compartment syndrome after lower limb artery
recanalization surgery. Chin. J. Clin. Dr. 48, 1456-1459. (In Chinese).

Zhang, J., Wang, X, Vikash, V., Ye, Q., Wu, D,, Liu, Y,, et al. (2016). ROS and ROS-
mediated cellular signaling. Oxid. Med. Cell. Longev. 2016, 4350965. doi:10.1155/2016/
4350965

Zhang, X., Zhang, Y., Zhang, M., Nakagawa, Y., Caballo, C. B., Szeto, H. H,, et al.
(2022). Evaluation of SS-31 as a potential strategy for tendinopathy treatment: an
in vitro model. Am. J. Sports Med. 50, 2805-2816. doi:10.1177/03635465221107943

Zhang, M., Liu, Q., Meng, H., Duan, H,, Liu, X, Wu, ], et al. (2024). Ischemia-
reperfusion injury: molecular mechanisms and therapeutic targets. Sig. Transduct.
Target Ther. 9, 12. doi:10.1038/541392-023-01688-x

Zhou, N., Zhu, Y., Hu, M., Zheng, R., Sun, M., Bian, Y., et al. (2023). Evaluation
potential effects of Picroside II on cytochrome P450 enzymes in vitro and in vivo.
J. Ethnopharmacol. 314, 116582. doi:10.1016/j.jep.2023.116582

Zhu, N,, Cai, C,, Zhou, A., Zhao, X,, Xiang, Y., and Zeng, C. (2017). Schisandrin B prevents
hind limb from ischemia-reperfusion-induced oxidative stress and inflammation via MAPK/
NF-kB pathways in rats. Biomed. Res. Int. 2017, 4237973. doi:10.1155/2017/4237973

Zong, H., Li, X,, Lin, H.,, Hou, C,, and Ma, F. (2017). Lipoxin A4 pretreatment
mitigates skeletal muscle ischemia-reperfusion injury in rats. Am. J. Transl. Res. 9,
1139-1150. Available online at: https://pubmed.ncbi.nlm.nih.gov/28386340/.

frontiersin.org


https://doi.org/10.1002/jcb.27207
https://doi.org/10.1038/s41392-020-00428-9
https://doi.org/10.1038/s41392-020-00428-9
https://doi.org/10.1159/000477597
https://doi.org/10.1159/000477597
https://doi.org/10.1016/j.jep.2020.113642
https://doi.org/10.1038/s41374-021-00580-y
https://doi.org/10.1007/s10495-015-1122-4
https://doi.org/10.1016/j.gene.2023.148027
https://doi.org/10.1080/10715762.2019.1661404
https://doi.org/10.1016/j.omtm.2023.101152
https://doi.org/10.1155/2016/4350965
https://doi.org/10.1155/2016/4350965
https://doi.org/10.1177/03635465221107943
https://doi.org/10.1038/s41392-023-01688-x
https://doi.org/10.1016/j.jep.2023.116582
https://doi.org/10.1155/2017/4237973
https://pubmed.ncbi.nlm.nih.gov/28386340/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1576091

	Advances in the treatment of lower-extremity ischemia-reperfusion injury
	Introduction
	Mechanisms of LL-IRI
	Progress in LL-IRI–related treatments
	Non-pharmacological treatment strategies for LL-IRI
	Drug treatment strategies for LL-IRI
	Antioxidant stress response
	Mitigating mitochondrial damage
	Anti-inflammatory response
	Protection of VECs and promotion of angiogenesis
	Inhibition of cell apoptosis


	Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


