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Abstract: Intestinal ischemia-reperfusion (II/R) injury is a common perioperative complication that occurs during severe infections,
trauma, and multiple surgical procedures. II/R not only leads to localized intestinal damage but also disrupts the intestinal mucosal
barrier, inducing systemic inflammatory responses and multi-organ failure, especially acute lung injury (ALI). The mechanisms are
complex, involving multiple pathological processes such as oxidative stress, systemic inflammatory response, apoptosis, autophagy,
and ferroptosis. During II/R, the large amount of reactive oxygen species and inflammatory factors produced rapidly activates immune
cells and destroys the alveolar barrier, leading to pulmonary edema and hypoxemia, and in severe cases, acute respiratory distress
syndrome (ARDS) may develop, ultimately causing respiratory failure. Current treatments include anti-inflammatory, antioxidant and
anti-apoptotic drugs, as well as surgical interventions and traditional Chinese medicine. However, these methods have high drug
toxicity and limited efficacy. With the development of nanomedicine, new strategies have emerged for the treatment of II/R-ALI.
Nanomedicines, owing to their excellent bioavailability and targeting capabilities, can significantly enhance therapeutic outcomes and
reduce side effects. This review summarizes the major mechanisms underlying II/R-ALI and discusses recent advances in the
application of nanomaterials for its treatment.
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Introduction

Intestinal ischemia-reperfusion (II/R) injury is a common organ injury in the perioperative period and is commonly seen
in severe infections, trauma, shock, and during a variety of surgical procedures, such as extracorporeal circulation,
intestinal obstruction, small bowel transplantation, and abdominal aortic aneurysm surgery.' II/R not only causes local
damage to the intestinal tract but also the destruction of the intestinal mucosal barrier, leading to the displacement of
a large number of bacteria and endotoxins from the intestines to the outside of the intestines, which triggers systemic
inflammatory response syndrome (SIRS) and multi-organ failure, with a mortality rate as high as 60%-80%.” In the early
stages of II/R, insufficient intestinal perfusion is often the primary trigger, typically resulting from a sudden decline in
cardiac output, which can be detected using patient monitoring devices. In patients with a worsening overall condition,
characterized by paralytic ileus and rectal bleeding, CT imaging can further confirm the presence of non-occlusive
mesenteric ischemia (NOMI).? This phenomenon is commonly observed in intensive care unit settings and is recognized
as the initiating event of the II/R cascade. During II/R, intestinal tissues undergo ischemic injury due to hypoxia and lack
of energetic substances, followed by metabolic disorders caused by reperfusion, activation of inflammatory signaling
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pathways, and oxidative stress pathways, which ultimately lead to cell damage and death.* Reactive oxygen species
(ROS) as well as inflammatory factors produced during the II/R process rapidly activate immune cells, triggering SIRS.

During II/R, the lungs, as the only organ receiving full cardiac output, are particularly sensitive to the damaging
blows of circulating inflammatory cells and inflammatory mediators, and often become one of the earliest distal organs to
be involved.” Acute lung injury (ALI) is a common distal organ complication of II/R, with a very high morbidity and
mortality rate.® The pathological manifestations of ALI include destruction of the alveolar epithelium and pulmonary
capillary endothelium, alveolar edema, neutrophil infiltration, and hyaline membrane formation.” The mechanism of ALI
is complex and involves multiple interrelated pathophysiological processes such as inflammatory response, oxidative
stress, apoptosis, autophagy, and ferroptosis.® Due to the over-activation of immune cells, the inflammatory response is
out of control, forming a storm of inflammatory factors, resulting in damage to alveolar epithelial cells and peri-alveolar
capillary endothelial cells, followed by diffuse interstitial and alveolar edema, with clinical manifestations of hypoxemia
and acute respiratory insufficiency, and in severe cases, it can be further developed into acute respiratory distress
syndrome (ARDS), which will ultimately lead to respiratory failure or even death.®’ To date, the etiology and
pathogenesis of II/R-ALI have not been fully elucidated, and there is a lack of effective therapeutic measures, so there
is an urgent need to find safer and more effective treatments.

The rapid development of nanomedicine has brought light to this challenge. Nanoparticles, generally defined as
particles with diameters between 1 and 100 nanometers, are widely used in various fields due to their unique properties.'®
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While this range is commonly referenced, particles larger than 100 nm can also be functional depending on the biological
context and delivery route. Nanomedicines can enhance drug efficacy and reduce side effects by virtue of their small
particle size, high bioavailability, and targeting.'' By changing the size, morphology, and surface chemical groups of
nanoparticles, their biodistribution can be enhanced to achieve precise targeting of specific tissues and optimize
therapeutic effects.'” In the treatment of ALI, nanomaterials have demonstrated significant efficacy by inhibiting
inflammation, antioxidant and reducing cellular damage.'? Nanomedicine offers new strategies to overcome the limita-
tions of conventional drug therapy, including reducing systemic toxicity and improving targeted drug delivery.'*
However, the clinical translation of nanomedicines remains challenging. Ensuring reproducible and consistent therapeutic
efficacy across different patient populations is a major obstacle.'””> Many nanomedicines exhibit excellent preclinical
results in animal models, but their efficacy often fails to translate into comparable clinical benefits in humans due to
complex biological barriers, heterogeneous tumor microenvironments, or differences in metabolism and immune
responses.'® In this review, we summarize the major pathological mechanisms involved in II/R-ALI and highlight the
current progress in nanomedicine-based therapeutic strategies.

Mechanisms of Acute Lung Injury Induced by Intestinal

Ischemia-Reperfusion

II/R refers to the phenomenon where damage worsens upon restoration of blood flow to the intestine after ischemia. The
gastrointestinal tract is involved in digestion, absorption, metabolism, endocrine, and immune functions, with the
mucosal barrier crucial for maintaining homeostasis.'” II/R commonly occurs in acute hemorrhage, shock, disseminated
intravascular coagulation, intestinal obstruction, multiple traumas, organ transplantation surgeries, and cardiopulmonary
bypass.’

II/R damages not only the intestine but also distant organs like the lungs, heart, liver, and kidneys.18 Among these,
ALI often appears first and is most common in multiple organ dysfunction syndrome (MODS)."? Prolonged reperfusion
increases pulmonary capillary permeability, extensively damages the pulmonary vascular endothelium and alveolar
epithelium, damages the basement membrane, thickens the alveolar wall, causes significant interstitial and alveolar
edema, and results in massive neutrophil infiltration with cytokine-rich proteinaceous edema fluid. Ultimately, this leads
to lung dysfunction or respiratory failure, progressing to ARDS.?>?' This complex mechanism underscores the critical
importance of studying and managing II/R-ALI (Figure 1).

Oxidative Stress Response

One of the primary mechanisms contributing to ALI in the context of II/R is oxidative stress.”> ROS, mainly produced by
mitochondria, are key participants and markers of oxidative stress. During II/R, a large amount of ROS is generated,
becoming a key factor in triggering ALI*?

Under ischemic conditions, xanthine dehydrogenase converts to xanthine oxidase, leading to the massive generation
of ROS.** During ischemia, calcium overload and ATP degradation increase xanthine dehydrogenase activity. This
catalyzes the production of copious levels of ROS in the presence of oxygen molecules upon reperfusion. Furthermore,
the formation of ROS is increased by neutrophil respiratory burst, mitochondrial injury, and cytokines including IL-1 and
tumor necrosis factor-a (TNF-a).””> In addition to causing tissue damage through direct oxidative injury to cell
membranes, lipid peroxidation, and extracellular matrix degradation, ROS also function as important signaling molecules
that activate multiple intracellular signaling pathways.?®*” ROS activates NF-kB and MAPK pathways, promoting the
expression of pro-inflammatory cytokines such as IL-1B, TNF-o, and IL-6, thereby amplifying inflammatory responses.*®
Moreover, ROS serve as critical triggers for NLRP3 inflammasome activation, facilitating the maturation and release of
pro-inflammatory cytokines and inducing inflammatory cell death.”® Additionally, ROS induce loss of mitochondrial
membrane potential, promoting the release of pro-apoptotic proteins and activating the mitochondria-dependent apoptotic
pathway, leading to programmed cell death.*

Oxidative stress plays a key role in ALI. Excessive ROS compromise the integrity of tight junctions within the

alveolar barrier, thereby enhancing pulmonary capillary permeability, facilitating neutrophil infiltration, and promoting
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Figure | Pathophysiological mechanisms of ALl induced by II/R. Il/R injury leads to ALl through multiple interconnected mechanisms, including oxidative stress,
inflammatory cytokine release, immune cell activation, apoptosis, ferroptosis, pyroptosis, and autophagy. These processes collectively contribute to increased pulmonary
capillary permeability, endothelial and epithelial damage, neutrophil infiltration, alveolar edema, and ultimately impaired gas exchange. Understanding these mechanisms is
crucial for developing targeted therapeutic strategies for |I/R-ALl. By Figdraw (ID:IASYPb999b).

the secretion of cytotoxic substances.’' Along with aggravating tissue damage and pulmonary edema, ROS can break
down tight junctions in lung tissue and upregulate pro-inflammatory cytokines and chemokines.>* Furthermore, the
accumulation of ROS can induce the activation of matrix metalloproteinases (MMPs), particularly MMP-2 and MMP-9,
which degrade collagen and elastin in the pulmonary extracellular matrix (ECM), disrupt the integrity of the alveolar-
capillary barrier, and further exacerbate pulmonary edema and lung tissue injury.>*** This suggests that MMPs, as one of
the downstream effectors of oxidative stress, play an amplifying role in tissue injury during the progression of 1I/R-ALI

Studies show that regulating antioxidant pathways can reduce ROS production and eliminate ROS in the body, an
important approach to preventing and treating II/R injury. Oxidative stress-induced apoptosis can be prevented by
controlling the PI3K/Akt signaling pathway.®>> In ischemia-reperfusion injury, PTEN, which negatively regulates the
PI3K/Akt pathway, is elevated. This results in reduced Nrf2 activity and worsened oxidative stress, which compromises

intestine and lung function.*®

Cytokines and Inflammatory Response

ALI induced by II/R is closely related to cytokine production and release.’” Cytokines are small soluble proteins that
transmit signals between cells, influencing cellular behavior and function.®® Cytokines are categorized into pro-
inflammatory and anti-inflammatory types according to their roles in the inflammatory process. The imbalance between
these responses plays a crucial role in the development of ALL>’

During II/R, ischemia compromises the intestinal mucosal barrier, facilitating the translocation of bacteria and
endotoxins into the bloodstream.'® Endotoxins bind to lipopolysaccharide-binding protein in the blood and to CD14
receptors on monocytes/macrophages, activating the monocyte-macrophage system and triggering an inflammatory
cascade of mediators and cytokines.*’ These inflammatory mediators and cytokines form a complex network that
regulates and plays important roles in the pathological processes of inflammation, immunity, and MODS. Key pro-
inflammatory cytokines include TNF-o and a range of interleukins, including IL-1, IL-6, and IL-8.*' TNF-a produced by
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intestinal macrophages plays a key role in MODS development, while IL-8 induces neutrophil deformation and
degranulation, releasing lysosomal enzymes and ROS, further exacerbating tissue damage.*

Massive ROS production, calcium overload, and neutrophil aggregation are also important mechanisms of II/R
injury.*? After the intestinal barrier is damaged, many bacteria and endotoxins enter the circulatory system, activating the
TLR4 signaling pathway and triggering an inflammatory response.** TLR4 binds to its ligand and activates various
signaling pathways, such as the NF-kB pathway, which results in the generation of pro-inflammatory cytokines and
exacerbates lung injury.*> NF-xB, an important nuclear transcription factor, regulates essential cellular signaling path-
ways. When the intestinal mucosal barrier is disrupted during II/R, a large amount of bacteria, endotoxins, and
inflammatory mediators enter the bloodstream and activate the NF-kB signaling pathway. This increases the expression
of IL-1, IL-6, and TNF-a in lung tissue, promotes neutrophil infiltration, and causes an inflammatory response in lung
tissue.*¢

Additionally, activation of the NLRP3 inflammasome is a key mechanism by which II/R induces ALL*’ The NLRP3
inflammasome detects damage-associated molecular patterns released by both pathogens and the host, subsequently
activating caspase-1. This activation leads to the maturation of pro-IL-1f and pro-IL-18, initiating an acute inflammatory
response and contributing to oxidative stress.** Overactivated NLRP3 inflammasomes can also trigger pyroptosis,
exacerbating lung tissue damage.*’

Notably, MMPs also play a crucial role in the inflammatory response. Studies have shown that the expression of
MMP-1, MMP-2, MMP-8, and MMP-9 is significantly upregulated in both acute and chronic pulmonary inflammation.
MMPs participate in the pathogenesis and progression of ALI by modulating inflammatory cell infiltration, cytokine
release, and degradation of the ECM.*-%! For example, MMP-9 facilitates the transmigration of neutrophils across the
basement membrane into lung tissue, thereby intensifying the inflammatory response.’*> The expression of MMPs is
induced by inflammatory cytokines such as TNF-a and IL-1f, and their enzymatic activity amplifies the inflammatory
cascade, forming a positive feedback loop between inflammation and protease activity, which further aggravates lung

. .. 4.5
tissue 1njury.5 =3

Apoptosis

Apoptosis, a type of programmed cell death, is distinguished by cell shrinkage, membrane blebbing, chromatin
condensation, and nuclear fragmentation.’® Typically, intestinal epithelial cells maintain homeostasis through sponta-
neous apoptosis.”’ During II/R, excessive apoptosis increases intestinal permeability, leading to bacterial translocation
and apoptosis in distant lung tissues.’®

Lung epithelial cells exhibit the activation of the death receptor Fas and its ligand FasL in the acute inflammatory
response brought on by II/R.>® Furthermore, the extrinsic apoptosis pathway is started by tumor necrosis factor receptor-1
binding to its ligands, TNF-o. and TNF-related apoptosis-inducing ligands.®® The death-inducing signaling complex is
formed, adaptor proteins including the Fas-associated death domain are recruited, and caspase-8 and its downstream
apoptotic proteins are activated.’’ The mitochondrial pathway is principally responsible for mediating intrinsic apoptosis.
When cytochrome c is liberated from mitochondria and enters the cytoplasm during II/R, it activates caspase-3, which is
reliant on caspase-9, and starts the subsequent apoptotic cascade.®?

Additionally, apoptosis is promoted by a reduction in the Bcl-2/Bax protein expression ratio.®® Bcl-2 exerts anti-
apoptotic effects by inhibiting mitochondrial permeability changes, reducing ROS production, and regulating intra-
cellular calcium balance.®® In contrast, Bax is a pro-apoptotic gene, and the Bcl-2/Bax ratio determines cell
survival.®®

One of the ShcA family’s members, p66Shc, is essential to apoptosis. Following II/R, lung tissues exhibit
a considerable activation of protein kinase C-f (PKC-f), which upregulates the expression of p66Shc and increases
sensitivity to oxidative stress.®® PKC-B-mediated serine phosphorylation of p66Shc promotes its translocation to
mitochondria, causing mitochondrial dysfunction and promoting apoptosis. The PKC-BII specific inhibitor
LY333531 significantly inhibits p66Shc activation and reduces II/R-ALL®” Pinl is an upstream regulator of the
p66Shc pathway. Increased Pinl expression and enzymatic activity post-II/R promote p66Shc mitochondrial

International Journal of Nanomedicine 2025:20 hetps: 9351



Li et al

translocation and accelerate apoptosis.®® The Pinl inhibitor juglone can alleviate secondary lung injury and improve
survival rates after II/R.

Ferroptosis

Different from classic apoptosis and necrosis, ferroptosis is a kind of cell death marked by an iron reliance and non-
apoptotic, caspase-independent cell death.®® Ferroptosis is characterized by the build-up of lipid ROS and intracellular iron,
mostly in the mitochondria, which leads to the loss or disappearance of mitochondrial cristae, an increase in membrane
density, and the rupture of the outer membrane, which results in cell malfunction.”” Oxidative imbalance is exacerbated by
ferroptosis when intracellular antioxidants like glutathione are deficient or the lipid repair enzyme GPx4 is inactivated.”'

During II/R, oxidative stress and iron accumulation significantly increase, activating ferroptosis. This is characterized
by the downregulation of GPX4, xCT, and FTH1, and the upregulation of pro-ferroptotic factors COX-2 and ACSL4.”
Early ferroptosis triggers an excessive inflammatory response, further exacerbating the lung injury. The interaction
between ferroptosis and the inflammatory response is significant. Oxidative stress induced by ferroptosis stimulates the
release of inflammatory factors IL-6, TNF-a, and IL-1pB, which in turn exacerbate ferroptosis, forming a vicious cycle.?*
Ferroptosis inhibitors like deferoxamine can reduce inflammatory responses and alleviate lung injury.’””

To control cellular antioxidant responses, nuclear factor E2-related factor 2 (Nrf2) is essential. Nrf2 inhibits
ferroptosis by upregulating SLC7A11 and heme oxygenase-1, protecting cells from oxidative damage.”*> The apoptosis-
stimulating protein of p53 (iASPP) promotes Nrf2 accumulation and nuclear translocation in the cytoplasm through
a p53-independent mechanism. As a result, cells are protected against ferroptosis by increased expression of hypoxia-
inducible factor-1a (HIF-1a).>* However, HIF-1a promotes ferroptosis under hypoxic conditions, and inhibiting HIF-1a

122

can reduce ferroptosis’ impact on ALL“" Thus, more research is needed to understand how Hif-1a contributes to II/

R-induced ferroptosis in lung tissue cells.

Pyroptosis
During II/R, ischemia-reperfusion creates a lot of ROS, which causes protein misfolding and activates the NLRP3
inflammasome.” The NLRP3 inflammasome recognizes pathogen- and host-derived damage-associated molecular
patterns, promoting its assembly and activation.”” NLRP3 inflammasomes activate caspase-1, which cleaves GSDMD
to produce the N-terminal fragment, resulting in pyroptosis. During pyroptosis, cell membrane rupture leads to the
massive release of inflammatory cytokines such as IL-1 and TNF-a. These factors induce and exacerbate pulmonary
inflammatory responses, increase vascular permeability, and cause vascular and interstitial lung edema.’® This inflam-
matory response is not limited to the lungs but also affects other distant organs, aggravating overall pathological damage.
Experimental studies show that NLRP3-deficient mice exhibit significantly reduced ALI symptoms post-II/R compared
to wild-type mice.”” This is evidenced by reduced inflammatory cell infiltration in lung tissues, alleviated alveolar septal
thickening, reduced vascular congestion, and decreased lung edema. The lung tissues of animals lacking NLRP3 exhibit
a considerable reduction in the production of TNF-a and IL-1, indicating the crucial role of the NLRP3 inflammasome in
II/R-ALI Inhibiting NLRP3 inflammasome activation can significantly reduce II/R-induced lung injury. Using antioxidants
to inhibit ROS production reduces NLRP3 inflammasome activation, thereby decreasing GSDMD-mediated pyroptosis and
the release of inflammatory cytokines, alleviating pulmonary inflammation and injury.”®

Autophagy

Autophagy acts in a dual role in II/R-ALI. Moderate autophagy protects lung tissue by clearing damaged cells and
regulating immune responses.”’ Excessive autophagy may exacerbate lung injury through mechanisms such as activating
macrophage apoptosis.*

In their II/R model, Jiang et al observed autophagy dysfunction and atypical activation of intraepithelial lymphocytes
(IELs). Enhancing the expression of autophagy-related genes Beclin-1 and Atgl6, and stimulating the NOD2/Beclin-1
pathway, augments the autophagy capacity of IELs. This process diminishes the inflammatory response in the intestinal
mucosal epithelium, sustains energy balance and cellular homeostasis during ischemia, and consequently ameliorates
ALL®" Another study indicates that II/R generates significant levels of complement C5a in lung tissues. C5a binds to C5a
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receptors on alveolar macrophages, initiating downstream signaling, promoting and activating macrophage autophagy,
ultimately leading to alveolar macrophage apoptosis and disrupting lung homeostasis.®* Therefore, regulating autophagy
levels and maintaining them within a moderate range is crucial for mitigating I[I/R-ALI.

Traditional Treatment Strategies for Intestinal Ischemia-Reperfusion
Induced Acute Lung Injury

ALI is a severe clinical syndrome triggered by various factors, including sepsis, infection, trauma, and ischemia-
reperfusion, with its most critical manifestation being ARDS.*® The pathophysiological hallmarks of ALI include damage
to alveolar epithelial and pulmonary microvascular endothelial cells, increased alveolar-capillary permeability, massive
infiltration of inflammatory cells, and pulmonary edema, ultimately leading to ventilation-perfusion mismatch and pro-
gressive hypoxemia.** Among the many causes of ALI, TI/R is recognized as a major trigger of remote organ damage, with
the lungs being particularly vulnerable.®> During II/R, excessive inflammatory responses and oxidative stress not only
disrupt pulmonary structural integrity but also contribute to irreversible respiratory dysfunction and even fibrosis. Due to the
complexity of its pathogenesis, no specific treatments are currently available, and clinical management of II/R-ALI still
relies primarily on controlling inflammation, reducing oxidative damage, and improving pulmonary function.®

ALI caused by II/R is a complex pathological process requiring the comprehensive application of multiple treatment
strategies. Pharmacotherapy primarily involves anti-inflammatory, antioxidant, and anti-apoptotic drugs. Glucocorticoids
(eg, dexamethasone, methylprednisolone) effectively reduce lung inflammation by inhibiting NF-kB signaling and pro-
inflammatory cytokine release, thereby decreasing alveolar-capillary permeability and pulmonary edema.®®*’ Similarly,
statins (eg, atorvastatin, pravastatin) stabilize endothelial function and reduce inflammatory responses.®®*° Neutrophil
elastase inhibitors (eg, sivelestat) protect lung tissue by limiting neutrophil-mediated damage and oxidative stress,
showing potential to reduce mechanical ventilation duration and ICU stay.”® Sivelestat, which was rapidly approved
during the COVID-19 pandemic for ALI/ARDS treatment, exerts lung-protective effects via multiple pathways. Studies
indicate that SIV reduces oxidative stress and inflammation in ALI by inhibiting the JNK/NF-kB pathway and activating
the Nrf2/HO-1 pathway, thereby mitigating TNF-a-induced endothelial damage and bacterial-induced lung injury.”!
Oxidative stress plays a key role in ALI progression, making antioxidant therapies such as phosphodiesterase (PDE)
inhibitors (eg, sildenafil, milrinone) and vitamin C important therapeutic strategies. PDE inhibitors enhance pulmonary
microvascular permeability,”® while vitamin C scavenges ROS and improves endothelial integrity.”® Vitamin D has also
been shown to modulate inflammation and maintain lung epithelial barrier function, potentially reducing ALI severity.”*
B,-adrenergic receptor agonists (eg, salbutamol, terbutaline) help clear alveolar fluid and reduce pulmonary edema;
however, their clinical application is limited due to potential adverse effects.”

Additionally, some anesthetics exhibit significant organ-protective effects.”® Advances in drug delivery technologies,
such as exosome application, have further improved treatment precision and efficacy.”’ Surgical interventions, including
ischemic and remote ischemic preconditioning, effectively reduce lung injury by enhancing organ tolerance to ischemia
and reducing oxidative stress and inflammatory responses.”® Mesenchymal stem cell therapy shows potential in protect-
ing lung tissue through multiple pathways, such as repairing the intestinal barrier and secreting anti-inflammatory
factors.”® Traditional Chinese medicine provides relief for II/R-ALI through multi-target and multi-pathway actions.'®

However, the therapeutic effects of these conventional therapy approaches are restricted due to their high toxicity, low
drug solubility, and adverse clinical application side effects. Consequently, scientists have recently begun exploring novel
nanotherapy methods, aiming to provide more effective treatments by improving drug targeting and reducing toxicity.

Characteristics of Nanomedicine in the Treatment of Acute Lung Injury

Nanomedicines represent sophisticated drug delivery systems that consist of drugs integrated with carrier materials,
which range in size from 1 to 100 nanometers. These carriers encompass liposomes, polymer particles, inorganic
nanocarriers, and nanoenzymes (Table 1) (Figure 2).'°" These nanomedicines offer advantages such as enhanced drug
stability, reduced side effects, targeted delivery, and precise release, with functionalities designed according to specific
needs.'' Nanomedicines encapsulate free drugs to prevent their degradation in the bloodstream, thus improving their
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Table | Therapeutic Effects of Various Nanomaterials on Acute Lung Injury in Animal Models

Nanomaterials | Durg Animal Therapeutic Effects References
Models
DPPC Methylprednisolone, | LPS-induced Reduced secretion of TNF-a, IL-6, and IL-1p cytokines in Raviv et al'®®
N-acetyl cysteine lung bronchoalveolar lavage fluid; combination therapy showed the
inflammation best effect, with lipid components themselves also having
in mice therapeutic benefits.
NMLs Acidic fibroblast Sepsis-induced | Selectively targeted inflamed lungs, reduced pro-inflammatory | Huang et al'%
growth factor ALl in mice cytokine secretion, inhibited lung cell apoptosis, promoted
lung function recovery, alleviated liver and kidney damage, and
protected the integrity of the alveolar-capillary barrier.
Arg-Cur-Lip Curcumin LPS-induced Significantly reduced levels of TNF-a and IL-6, mitigated Jiang et al'”
ALl in rats pathological damage in lung tissue, and enhanced the
therapeutic effect of curcumin.
PCL-PEI- Dexamethasone LPS-induced Significantly improved lung targeting, reduced wet/dry ratio, Su et al'®
mannose ALl in mice alleviated lung inflammation, and decreased BALF
inflammatory cell infiltration, myeloperoxidase activity, and
levels of inflammatory mediators.
mPEI/pGPX4 pGPX4 gene LPS-induced Significantly reduced lung tissue inflammation and damage, Wan et al'®
nanoparticles ALl in mice lowered levels of IL-6, IL-1B, and TNF-a, upregulated GPX4
and SLC7AI | expression, decreased ROS levels, and
improved mitochondrial morphology.
PLGA Human serum ALl mouse Evenly distributed in all lung regions, internalized by alveolar | Solé-Porta et al''®
nanocapsules albumin model type |l cells, reduced macrophage-mediated clearance, and
accumulated in all lung lobes after nebulization, targeting ATII
cells.
PM@Cur-RV NPs | Curcumin and LPS-induced Significantly reduced lung vascular permeability, decreased Jinetal'"!
resveratrol ALl in mice lung edema, lowered levels of pro-inflammatory cytokines,
reduced inflammatory cell infiltration, and promoted
macrophage polarization from M| to M2 type.
RBC-MPSS- Methylprednisolone LPS-induced Significantly reduced lung vascular permeability and lung Ding et al''?
CSNPs sodium succinate ALl in rats edema, inhibited levels of TNF-a and IL-6.
G5.NH2-PBA/FN | Fibronectin LPS-induced Reduced lung inflammation and oxidative stress, improved Gao et al''?
ALl in mice lung tissue pathology, lowered lung wet-to-dry weight ratio,
and decreased levels of MPO, TNF-o, IL-1f, and IL-6.
Hexapeptide- - LPS-induced Reduced inflammatory cell infiltration and neutrophil counts, | Wang et al''*
coated gold ALl in mice increased IL-10 levels, decreased IL-12p40 and IFN-y,
nanoparticles increased IL-4 and IL-13, promoted M2 polarization, and
(P12) reduced lung injury.
Gold - LPS-induced Significantly lowered levels of pro-inflammatory cytokines, Haupenthal
nanoparticles ALl in mice reduced oxidative species and oxidative damage, and reversed | et al''®
increased alveolar septal thickness.
Porous Se@SiO2 | - LPS-induced Significantly reduced levels of pro-inflammatory cytokines, Wang et al''
nanoparticles ALI in mice decreased oxidative stress, improved mitochondrial function,
and protected lung tissue.
(Continued)
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Table | (Continued).

Nanomaterials | Durg Animal Therapeutic Effects References
Models
Mesoporous silica | Dexamethasone ALl mouse Significantly reduced inflammatory response (levels of TNF-a, | Garcia-Fernandez
nanoparticles model IL-6, and IL- 1), alleviated lung injury, and reduced side effects | et al''’
of dexamethasone.
y-cyclodextrin Paeonol ALl rat model | Significantly increased absorption and bioavailability of Lietal''®
metal-organic paeonol, reduced lung inflammatory response, and lowered
frameworks levels of inflammatory factors.
ZIF-8 Plumbagin ALl mouse Significantly reduced collagen fiber deposition, lowered Wang et al' 19
model secretion of inflammatory factors TGF-f and IL-6, inhibited
expression of collagen |, a-SMA, and TNF-q, with anti-
inflammatory effects superior to free PLB.
AOzyme@ACM Antioxidant Sepsis-induced | Inhibited inflammatory response, promoted macrophage Ji etal'®
nanozymes ALI in mice polarization to M2 phenotype, alleviated ALI, reduced
inflammatory cell infiltration, and lung edema.
Fe-Cur NPs Curcumin ALl mouse Inhibited inflammatory response, reduced secretion of TNF-a. | Yuan et al'?'
model and IL-6, inhibited NLRP3 inflammasome, scavenged ROS,
reduced inflammatory cell infiltration, and lung edema.
C-dot SOD - ALl mouse Accumulated in injured lung tissue, scavenged ROS, reduced Lui et al'??
nanozymes model levels of pro-inflammatory factors, protected cells, and
exhibited therapeutic effects comparable to dexamethasone.

pharmacokinetic and pharmacodynamic properties. Additionally, modifying the surface of nanomedicines with targeting
ligands enhances targeting capability while reducing toxicity and side effects.'®> Nanomedicines significantly improve
the solubility, stability, and bioactivity of hydrophobic drugs.' In clinical studies, nanocarriers significantly alter drug
biodistribution, increasing drug concentration in inflamed lung areas and enhancing therapeutic efficacy.'® Hence,
nanomedicines have extensive potential for application in the treatment of ALIL

Nanomedicines overcome traditional treatment limitations by enhancing therapeutic effects and reducing toxicity.'*®
Since ALI patients often exhibit multi-organ dysfunction, non-targeted side effects of drugs may exacerbate disease
progression. Therefore, targeted drug delivery is of significant clinical importance. Nanocarriers improve the therapeutic
efficiency of drugs such as glucocorticoids and PDE4 inhibitors while reducing side effects.'** Additionally, nanocarriers
achieve combined delivery of diagnostic and therapeutic agents, enhancing drug delivery efficiency, reducing off-target
side effects, and exerting synergistic therapeutic effects.'> Nanoplatforms effectively control acute inflammation and
enable comprehensive diagnosis of damaged lungs, demonstrating great potential.'*® Despite many advantages of ALI
treatment, nanomedicines still face challenges and limitations.'*” Some nanomaterials may activate inflammatory path-
ways, exacerbating inflammation.'*® Additionally, after systemic administration, only a small fraction of nanoparticles

reach the target site, indicating the need to optimize targeting strategies to improve drug delivery efficiency.'*’

Applications of Nanomedicine in Acute Lung Injury

Liposome-Based Nanoparticles

Liposomes are formed by amphiphilic components in water, creating closed spherical vesicles with a bilayer structure.'*’

They can encapsulate both hydrophilic and hydrophobic molecules, meeting various application needs. Liposomes can be

prepared by mechanical stirring or ultrasound treatment, with their stability and in vivo half-life enhanced by cholesterol
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and polyethylene glycol modifications. ”" Modified liposomes can avoid interactions with serum proteins, significantly
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Figure 2 The role of nanomedicine in ALI treatment. Nanomedicines, including liposomes, polymer nanoparticles, inorganic nanoparticles, and nanoenzymes, have emerged
as promising therapeutic platforms for ALI. These nanocarriers enhance drug stability, improve pharmacokinetics, enable targeted delivery, and reduce off-target toxicity.
Liposomes facilitate controlled drug release, polymer nanoparticles enhance biocompatibility and circulation time, inorganic nanoparticles enable multifunctional theranostic
applications, and nanoenzymes modulate oxidative stress and inflammatory responses. By Figdraw (ID:UIOIA43366).

enhancing drug stability.'** Liposomes can also be modified with antibodies or other targeting ligands for active
targeting, and can be loaded with various nanoparticles, expanding their applications.'**'** In treating ALI, liposome
nanoparticles exhibit significant advantages. Liposomes can encapsulate anti-inflammatory drugs or antioxidants, directly
targeting damaged lung areas and reducing systemic side effects.

Raviv et al'® found that liposomes efficiently encapsulate methylprednisolone and N-acetylcysteine, accumulate in
inflamed lungs, and reduce inflammation. In vitro experiments showed that liposomes reduced TNFa and NO secretion in
LPS-stimulated RAW 264.7 macrophages. In vivo experiments with combined intravenous and endotracheal adminis-
tration showed that liposomes significantly reduced the secretion of TNFa, IL-6, and IL-1B in bronchoalveolar lavage
fluid, which was superior to that of free drug. Excessive activation and uncontrolled infiltration of neutrophils trigger an
intense inflammatory response, which is a key mechanism of sepsis-induced ALI. Huang et al'°® created a neutrophil
membrane-coated liposome loaded with acidic fibroblast growth factor (aFGF@NMLs). In vitro, aFGF@NMLs bind to
pro-inflammatory cytokines, promote cellular uptake, significantly reduce inflammatory responses, and boost antioxidant
capacity. In vivo, intravenous injection of aFGF@NMLs resulted in nanoparticle accumulation in the damaged lung
tissue of ALI mice, reducing pro-inflammatory cytokine secretion, inhibiting lung cell apoptosis, and promoting lung
function recovery.

Jiang et al'®” designed an l-arginine-modified curcumin liposome (Arg-Cur-Lip) for aerosol inhalation, targeting M1
macrophages to enhance curcumin’s anti-inflammatory effect. In vitro experiments showed that Arg-Cur-Lip inhibited
the inflammatory response of LPS-induced RAW264.7 cells, most effectively inhibiting NO, IL-1p, and IL-6 expression.
In the LPS-induced rat ALI model, Arg-Cur-Lip significantly reduced TNF-a and IL-6 expression, alleviating lung tissue
damage. Quantitative lung pathology scoring showed that the Arg-Cur-Lip group had the best effect.

According to the research mentioned above, liposomes may develop into multipurpose drug delivery systems. By
optimizing the structure and function of liposomes, efficient drug delivery and targeted therapy can be achieved,
significantly improving therapeutic effects and reducing side effects. Liposome nanoparticles, with high biocompatibility,
low toxicity, and multifunctionality, show great promise in treating ALIL.
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Polymer-Based Nanoparticles

Polymer nanoparticles, made from natural or synthetic polymers, typically exhibit biodegradability and
biocompatibility.”** Common materials include natural products (chitosan, alginate, and cyclodextrin) and synthetic
polymers (PLGA, PEI, and polyacrylate).'*> Synthetic polymers are often coated with polyethylene glycol to reduce
toxicity and enhance solubility. Polymer nanoparticles possess high drug-loading capacity, ease of synthesis and
characterization, and good biocompatibility and biodegradability, making them ideal carriers for in vivo therapy.'*'’

Su et al'® designed a D-mannose-modified polyethyleneimine-block-polycaprolactone micelle (PCL-PEI-mannose)
as a dexamethasone-targeted delivery system, demonstrating significant anti-inflammatory effects, demonstrating sig-
nificant anti-inflammatory effects. Compared to unmodified micelles, mannose-modified micelles had higher cellular
uptake and inhibited inflammatory factors in activated RAW264.7 cells. In vivo studies showed that drug-loaded targeted
micelles significantly increased lung targeting, reduced the wet/dry ratio of damaged lung tissue, alleviated lung
inflammation, and decreased inflammatory cell infiltration, myeloperoxidase activity, and levels of inflammatory med-
iators in bronchoalveolar lavage fluid. Wan et al'® used mannitol-modified polyethyleneimine (mPEI) to construct an
mPEI/pGPX4 gene therapy system. This inhaled system significantly upregulated GPX4 gene expression, inhibited
ferroptosis and inflammatory responses, and alleviated ALI in vitro and in vivo. mPEI/pGPX4 nanoparticles significantly
reduced lipid peroxidation and ROS levels, improved mitochondrial morphology, and upregulated SLC7A11 and GPX4
expression in LPS-induced BEAS-2B cells. In the LPS-induced mouse model of ALI, mPEI/pGPX4 nanoparticles
significantly alleviated lung inflammation and injury, reduced levels of IL-6, IL-1B, and TNF-o, upregulated GPX4
and SLC7A11 expression, decreased ROS levels, and improved mitochondrial morphology.

Solé-Porta et al''® used PLGA nanocapsules as a therapeutic carrier for ARDS. Studies have shown that PLGA NCs
can be effectively nebulized into an inhalable aerosol and uniformly distributed in vivo to all regions of the lungs. In vivo
studies found that these nanocapsules were internalized by alveolar type II cells and were less likely to be cleared by
macrophages. Jin et al''" developed a PLGA-based bionic anti-inflammatory nanoparticle system (PM@Cur-RV NPs) for
the treatment of ALI. The system combined PLGA nanoparticles and platelet membrane vesicles (PM) for targeted
delivery of curcumin (Cur) and resveratrol (RV). The results showed that PM@Cur-RV NPs significantly reduced
pulmonary vascular permeability, attenuated pulmonary edema, decreased the levels of pro-inflammatory cytokines
(eg, TNFa, IL-6), and reduced inflammatory cell infiltration in LPS-induced ALI mice. Compared with free Cur and
RV, PM@Cur-RV NPs exhibited significantly enhanced anti-inflammatory effects and promoted the polarization of lung
macrophages from M1 to M2 and enhanced anti-inflammatory responses in ALI mice.

Ding et al''? evaluated the efficacy of chitosan nanoparticles loaded with methylprednisolone sodium succinate
(RBC-MPSS-CSNPs) in a rat model of ALI. The RBC-MPSS-CSNPs significantly reduced pulmonary vascular perme-
ability and pulmonary edema, and significantly decreased the levels of TNF-a and IL-6 in LPS-induced ALI rats. In
addition, myeloperoxidase activity and polymorphonuclear leukocyte counts were significantly lower in the BALF of the
RBC-MPSS-CSNPs group than those of the control group, and H&E staining showed significant reductions in alveolar
hemorrhage and inflammatory cell infiltration. The RBC-MPSS-CSNPs group significantly reduced the lung wet weight/
dry weight ratio and total protein concentration in BALF, suggesting that it was effective in reducing pulmonary edema
and improving lung injury.

Gao et al''® prepared fifth-generation (G5) poly(amidoamine) (PAMAM) dendrimer (G5.NH2-PBA) nanocarriers
functionalized with phenylboronic acid (PBA) for loading fibronectin (FN) and explored their delivery effects and
anti-inflammatory effects in macrophages. It was demonstrated that the G5.NH2-PBA/FN (Den/FN) complex
significantly reduced LPS-induced secretion of pro-inflammatory cytokines TNF-o and IL-1f, enhanced M2 polar-
ization and anti-inflammatory responses in macrophages, decreased ROS levels, and alleviated inflammation by
inhibiting the NF-xB signaling pathway. In vivo experiments in a mouse ALI model showed that Den/FN complex
treatment significantly reduced lung inflammation and oxidative stress, improved lung histopathological changes,
decreased lung wet weight/dry weight ratio and MPO, TNF-a, IL-1B, and IL-6 levels, and demonstrated good
biocompatibility.
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Studies have shown that the design and modification of polymer nanoparticles are important in ALI therapy. Specific
surface modifications such as mannose or mannitol can improve the targeting of nanoparticles and increase their
accumulation in damaged lung tissue. Nanoparticle drug-loading systems enable the controlled release and stable
delivery of drugs to improve their bioavailability. Multi-functional polymeric nanoparticles can be loaded with multiple
drugs or genes at the same time, enabling combination therapy and enhanced efficacy. Future research should optimize
physicochemical properties and biological performance to improve therapeutic efficacy and safety, and strengthen
preclinical and clinical studies to promote clinical application in ALI treatment.

Inorganic Nanoparticles

Inorganic nanomaterials have shown great potential in treating ALI. By combining physicochemical properties with
biological strategies, these materials enhance targeting and therapeutic effects. Common inorganic nanoparticles include
metals and metal oxides, which, through surface modifications and drug conjugation, achieve controlled release and
stable delivery, enhancing drug bioavailability. However, their biocompatibility and potential toxicity still require
attention.

Wang et al'' found that peptide-coated gold nanoparticles (GNPs) P12 could effectively alleviate LPS-induced ALL
P12 alleviates lung inflammation by reducing inflammatory cell infiltration and raising the anti-inflammatory cytokines,
promoting macrophage polarization to the M2 phenotype. It significantly reduced levels of M1 phenotype-associated
cytokines (IL-12p40, IFN-y) and enhanced the production of M2-associated factors (IL-10). P12 is primarily absorbed by
lung macrophages, inhibiting the TLR signaling cascade, and promoting M2 macrophage polarization by increasing
G-CSF and IL-13, thereby mitigating pulmonary inflammatory responses. Haupenthal et al''® found that intraperitoneally
administered gold nanoparticles (GNPs) had strong anti-inflammatory and antioxidant effects in the ALI model. GNP
treatment greatly decreased LPS-induced pro-inflammatory cytokines IFN-y and IL-6 decreased oxidant production
(nitrites and DCFH), and reduced oxidative damage (carbonyl and thiol groups). Additionally, GNP treatment signifi-
cantly reduced superoxide dismutase and catalase activity. Histological analysis showed that GNP treatment could
reverse LPS-induced increases in alveolar septal thickness.

In an LPS-induced ALI mouse model, porous Se@SiO2 nanoparticles demonstrated significant antioxidant and
anti-inflammatory effects. Wang et al''® found that Se@SiO2 nanoparticle treatment greatly lowered levels of pro-
inflammatory cytokines IL-1p, CCL-2, and IL-6 induced by LPS, decreased oxidative stress and mitochondrial ROS
production, and reduced alveolar-capillary barrier permeability. Additionally, Se@SiO2 nanoparticle treatment
improved mitochondrial function, increased expression of tight junction proteins ZO-1 and E-Ca, reduced pulmonary
histopathological damage, and protected airway epithelial cells from LPS-induced oxidative damage and inflammatory
responses. Garcia-Fernandez et al''” developed a nanodevice using mesoporous silicon nanoparticles (MSNs) loaded
with dexamethasone and capped with a peptide targeting the TNFR1 receptor (TNFR-Dex-MSN). M1 macrophages
overexpressing the TNFR1 receptor selectively internalize this nanodevice, which releases dexamethasone upon
enzymatic hydrolysis of the capping peptide. This reduces levels of TNF-a and IL-1B. TNFR-Dex-MSNs accumulated
in injured lungs, significantly reducing inflammatory responses and lung injury while minimizing dexamethasone side
effects.

Li et al''® developed a dry powder inhaler based on y-cyclodextrin metal-organic frameworks (CD-MOFs) for
targeted delivery of paconol (PAE) to the lungs for treating ALI. PAE-loaded CD-MOF particles exhibited rapid release
characteristics in animal experiments, significantly improving PAE absorption and bioavailability. In a rat model, the
PAE-CD-MOF significantly increased PAE absorption in lung tissue. Histopathological testing and decreased levels of
inflammatory markers showed its therapeutic efficacy. Wang et al''® developed nanoparticles based on zeolitic imida-
zolate framework-8 (ZIF-8) to encapsulate the anticancer drug plumbagin (PLB) as a drug delivery system for treating
ALI. ZIF-8 nanoparticles uniformly encapsulated PLB through physical adsorption. In animal models, PLB@ZIF-8
dramatically reduced collagen fiber deposition after severe lung damage, lowered inflammatory factors TGF-B and IL-6,
and suppressed expression of collagen I, a-SMA, and TNF-a. Compared to free PLB, PLB@ZIF-8 exhibited better anti-
inflammatory effects, suggesting that ZIF-8-encapsulated PLB could become a new therapy for treating severe lung

injury.
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Inorganic nanoparticles have shown great potential in treating ALI. By combining physicochemical properties with
biological strategies, these materials can achieve targeted delivery and controlled release of drugs, significantly enhan-
cing drug bioavailability. These studies indicate that inorganic nanoparticles can effectively alleviate ALI symptoms by
reducing pro-inflammatory cytokine levels, decreasing oxidative stress, and improving histopathological outcomes.
However, the biocompatibility and potential toxicity of inorganic nanomaterials still require further research to ensure
their safety and efficacy in clinical applications.

Nanozymes

Nanozymes, as substitutes for natural enzymes, have become a research hotspot due to their enhanced biocatalytic
performance, adjustable activity, and diverse functions. The introduction of nanozymology has challenged the traditional
concept of the biological inertness of inorganic materials, sparking interest in the characteristics and multifunctionality of
nanozymes.'>® Although research on nanozymes in respiratory diseases is limited, they show potential in bioanalysis,
biomedical imaging, and therapy.'*® Through rational design, nanozymes can significantly enhance enzyme activity,
achieve diversified applications, and possess antibacterial properties that do not easily lead to resistance.'*® Some
nanozymes exhibit multiple activities, form cascade reactions, improve reaction efficiency, and produce synergistic
effects in fields such as antioxidation and anticancer.'*' Overall, nanozymes combine the catalytic functions of enzymes
with the unique physicochemical properties of nanomaterials, overcoming the limitations of traditional enzyme sensors
and showing broad application prospects in respiratory diseases.

In ALI, sepsis-induced lung inflammation and excessive inflammatory cell infiltration are the main pathological
features. Studies have shown that impaired phagocytosis can exacerbate this condition.'** Ji et al'** designed an
antioxidative nanozyme (AOzyme) coated with apoptotic cell membranes (ACM), forming an inhalable phagocytosis-
promoting nanozyme (AOzyme@ACM). AOzyme@ACM improves macrophage perception of “eat me” signals by
imitating apoptotic bodies, while also clearing excess intracellular ROS, significantly increasing apoptotic cell clearance.
AOzyme@ACM significantly inhibits inflammatory responses, promotes macrophage polarization to the M2 phenotype,
and alleviates ALI in endotoxemic mice. In vivo experiments demonstrated that mice treated with AOzyme@ACM had
excellent apoptotic cell clearance, controlled inflammatory cytokine production, reduced inflammatory cell infiltration,
and lowered pulmonary edema.

In the ALI model constructed by Yuan et al,'*' iron-curcumin-based nanoparticles (Fe-Cur NPs) demonstrated
significant anti-inflammatory and ROS scavenging abilities. Fe-Cur NPs decreased inflammation by downregulating
cytokines (eg, TNF-a and IL-6) and blocking NLRP3 and NF-kB signaling pathways. Experiments showed that both
intratracheal and intravenous injections of Fe-Cur NPs exhibited good therapeutic effects, including reducing inflamma-
tory cytokines, decreasing inflammatory cell infiltration and pulmonary edema, and effectively scavenging ROS in lung
tissues. Additionally, Fe-Cur NPs reduced macrophage and T cell levels, inhibiting the cytokine storm induced by ALI.

Lui et al'** found that carbon dot (C-dot) superoxide dismutase (SOD) nanozymes exhibited significant therapeutic
effects in ALI. Studies have shown that C-dot SOD nanozymes achieve in vivo bioimaging and ROS scavenging through
their high SOD-like activity and red fluorescence. It was shown that C-dot SOD achieve in vivo bioimaging and ROS
scavenging through their high SOD-like activity and red fluorescence. In vivo experiments showed that C-dot SOD nano-
enzymes aggregated in injured lung tissues and effectively protected mice from oxidative damage by scavenging ROS
and decreasing pro-inflammatory factor levels. Compared with the clinical drug dexamethasone, C-dot SOD showed
comparable therapeutic effects. In addition, C-dot SOD effectively enter cells and accumulate in mitochondria, protecting
cells from oxidative damage by scavenging ROS.

Nanoenzymes, as natural enzyme substitutes, have shown great potential in the treatment of ALI due to their
enhanced biocatalytic properties and versatility. Compared with conventional drugs, nanoenzymes offer unique advan-
tages in reducing pro-inflammatory factors, enhancing anti-inflammatory factors and protecting cells from oxidative
damage. These studies provide a solid foundation for the application of nanoenzymes in ALI, but their biosafety and
clinical translation still need to be further explored and validated.
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Exosomes

Exosomes are nanoscale membrane-bound vesicles secreted by a variety of cell types, including immune cells, tumor
cells, and stem cells. They typically range in diameter from 30 to 150 nm and are characterized by a classical lipid
bilayer structure.'*® Exosome biogenesis primarily occurs through the endosomal pathway: invagination of the plasma
membrane leads to the formation of early endosomes, which subsequently mature into late endosomes and develop into
multivesicular bodies (MVBs) containing numerous intraluminal vesicles.'** While some MVBs fuse with lysosomes
for degradation, others merge with the plasma membrane, releasing their internal vesicles into the extracellular space
as exosomes via exocytosis.'*> Exosomes are abundantly present in various bodily fluids, including blood, urine,
saliva, and breast milk.'*® They express a range of characteristic surface biomarkers, such as CD63, CD9, CDS81,
TsglO1, Alix, and heat shock proteins.'*” As key mediators of intercellular communication, exosomes can carry
a diverse array of bioactive molecules, including proteins, lipids, messenger RNAs, microRNAs, and other non-coding
RNAs.'*® These cargo molecules are selectively loaded into exosomes and can be transferred to recipient cells through
multiple mechanisms: direct fusion with the target cell membrane to release their contents, internalization via
endocytosis, or interaction between exosomal membrane ligands and cell surface receptors to activate downstream
signaling pathways.'*® Exosomes, as key intercellular communicators, exhibit multiple biological effects in the
prevention and treatment of ALI, including anti-inflammatory, anti-apoptotic, and promotion of lung tissue
regeneration.

Excessive activation of the inflammatory response is one of the key pathological features of ALI, manifested by
massive recruitment of neutrophils and macrophages, as well as significantly elevated levels of proinflammatory factors
(such as TNF-q, IL-1B, and MIP-2).">° Research shows that exosomes derived from mesenchymal stem cells (MSCs)
play an important role in the anti-inflammatory process. For example, ischemia-pretreated MSC-exosomes can effec-
tively reduce neutrophil infiltration in the lungs and downregulate MIP-2 expression in an LPS-induced ALI mouse
model."*" In vitro studies have also shown that MSC-exosomes can inhibit the release of various pro-inflammatory
factors and promote the expression of anti-inflammatory factors TGF-f, thereby inhibiting Th17 cell differentiation and
inducing the generation of regulatory T cells."? In various ALI models, such as phosgene, LPS, and sepsis, MSC-
exosomes have demonstrated the ability to regulate the balance of inflammatory factors by inhibiting pro-inflammatory
factors such as TNF-a and IL-6 and enhancing the expression of IL-10, thereby exerting a significant immunoregulatory
effect.'>>1°® In addition, it can induce macrophage polarization toward the M2 phenotype by activating the Stat6 and
MafB signaling pathways and upregulating the expression of TSG-6 and IL-10, further enhancing its anti-inflammatory
potential."’

The apoptosis of alveolar epithelial cells and endothelial cells plays a significant role in the pathogenesis of ALL'®
Multiple studies have shown that MSC-derived exosomes can effectively downregulate the expression of PTEN and
PDCD4 by carrying functional microRNAs such as miR-21-5p, thereby inhibiting endogenous and exogenous apoptosis
pathways, significantly reducing the activity levels of caspase-3/-8/-9, and alleviating lung injury caused by ischemia/
reperfusion.'> In addition, exosomes can inhibit LPS- or bleomycin-induced apoptosis of alveolar epithelial cells
through multiple mechanisms such as negatively regulating NLRP3 inflammasome activity, alleviating mitochondrial
DNA damage, and activating the SIRT1 pathway.'®® Exosomes derived from adipose-derived stem cells also exhibit
significant cell protective effects, alleviating sepsis-related lung injury by inducing autophagy, reducing proinflammatory
factor levels, and lowering apoptosis rates.'®'

A prominent feature of ALI is impaired alveolar-capillary barrier function, and effective repair of epithelial and
endothelial cell function is critical for lung tissue regeneration and functional recovery.'*® Studies have confirmed that
MSC-exosomes can enhance the proliferation and migration ability of endothelial cells and promote angiogenesis by
activating the AKT/mTOR and HIF-1a/VEGF signaling pathways, thereby accelerating the tissue repair process.'¢*'%3
In addition, exosomes derived from endothelial progenitor cells also have a repair effect, which can improve the
structure of alveolar epithelial cells and enhance the expression of tight junction proteins, thereby strengthening the

barrier function and reducing lung permeability.'®* Exosomes derived from type II alveolar epithelial cells have also
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been found to enhance their own survival and regenerative abilities, promoting the re-epithelialization process in
damaged areas.'®

Exosomes, as crucial mediators of intercellular communication, possess excellent biocompatibility, structural stability,
and the ability to deliver a variety of bioactive molecules in a targeted manner. They have demonstrated extensive and
profound therapeutic potential in the prevention and treatment of ALI. Through multiple mechanisms, exosomes can
coordinate the regulation of inflammatory responses, inhibit cell apoptosis, promote tissue repair, and restore the integrity
of the alveolar-capillary barrier. These effects provide a solid theoretical foundation and experimental support for the
development of stem cell-derived exosome therapies for ALI, while also offering important directions for their future

clinical translation.

Conclusion and Future Prospects

II/R injury not only severely damages the intestinal tract but also triggers ALI through mechanisms such as inflammation
and oxidative stress. During II/R, the destruction of the intestinal mucosal barrier leads to the translocation of bacteria
and endotoxins into the circulation, thereby triggering SIRS and multi-organ failure. ALI, as a common and serious
complication of II/R, involves a complex pathogenesis including oxidative stress, inflammatory responses, apoptosis,
ferroptosis, and pyroptosis. Although conventional therapies can alleviate ALI symptoms, their efficacy remains limited,
and side effects are a concern. Therefore, there is an urgent need for novel therapeutic strategies.

Nanomedicine has emerged as a promising approach for treating II/R-ALI. Leveraging unique physicochemical
properties, nanomedicines improve drug targeting and bioavailability while reducing systemic side effects. Precise
delivery of drugs via nanocarriers enhances therapeutic effects at the sites of inflammation and tissue injury. Recent
advances in nanomedicine research for ALI treatment have demonstrated significant progress and promising clinical
potential.

However, challenges remain regarding the long-term toxicity and biocompatibility of nanoparticles, which are not yet
fully understood. Ensuring the safety of nanomaterials requires comprehensive toxicological studies. Additionally, the
complex and costly manufacturing processes of nanomaterials present technical and economic barriers to large-scale
production. The lack of standardized regulations and guidelines for nanomedicine development, testing, and approval
may result in variable product quality, hindering broader clinical application. Furthermore, the biodistribution and
metabolism of nanoparticles in vivo are complex, and strategies to control and predict their behavior need further
investigation.

Future Prospects

Despite these challenges, the future of nanomedicine in ALI treatment remains bright. Future research is expected to
focus on developing multifunctional nanoplatforms that integrate diagnostic and therapeutic capabilities. Such platforms
will combine imaging, targeted drug delivery, and therapy to improve treatment efficacy and minimize adverse effects.
Personalized nanomedicine, tailored to the patient’s genetic profile, disease state, and physiological conditions, holds
promise for enhancing treatment outcomes.

Moreover, the design of smart nanosystems capable of responding to specific internal stimuli—such as pH,
temperature, or enzymes—will enable controlled drug release under defined conditions, further increasing therapeutic
precision. The advancement of nanomedicine relies heavily on interdisciplinary collaboration among materials science,
chemistry, biology, medicine, and engineering, which will accelerate technological innovation and clinical translation.
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