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Abstract: ALI(acute lung injury) is a severe respiratory dysfunction caused by various intrapulmonary and extrapulmonary factors. It
is primarily characterized by oxidative stress and affects the integrity of the pulmonary barrier. In severe cases, ALI can progress to
ARDS(acute respiratory distress syndrome), a condition that poses a serious threat to the lives of affected patients. To date, the
etiological mechanisms underlying ALI remain elusive, and available therapeutic options are quite limited. AMPK(AMP-activated
protein kinase), an essential serine/threonine protein kinase, performs a pivotal function in the regulation of cellular energy levels and
cellular regulatory mechanisms, including the detection of redox signals and mitigating oxidative stress. Meanwhile, Nrf2(nuclear
factor erythroid 2-related factor 2), a critical transcription factor, alleviates inflammation and oxidative responses by interacting with
multiple signaling pathways and contributing to the modulation of oxidative enzymes associated with inflammation and programmed
cell death. Indeed, AMPK induces the dissociation of Nrf2 from Keapl(kelch-like ECH-associated protein-1) and facilitates its
translocation into the nucleus to trigger the transcription of downstream antioxidant genes, ultimately suppressing the expression of
inflammatory cells in the lungs. Given their roles, AMPK and Nrf2 hold promise as novel treatment targets for ALI. This study aimed
to summarise the current status of research on the AMPK/Nrf2 signaling pathway in ALI, encompassing recently reported natural
compounds and drugs that can activate the AMPK/Nrf2 signaling pathway to alleviate lung injury, and provide a theoretical reference
for early intervention in lung injury and future research on lung protection.
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Introduction
As is well documented, acute lung injury (ALI) refers to hypoxaemic respiratory insufficiency resulting from various
intrapulmonary and extrapulmonary causes. It is characterized by apoptotic damage driven by excessive inflammation of
the alveolar endothelium and epithelial cells, which leads to dysfunction of the alveolar-capillary barrier and, in severe
cases, progresses to acute respiratory failure and acute respiratory distress syndrome (ARDS).! At present, ALI/ARDS
has a high morbidity and mortality rate. A multicenter study enrolling 459 ARDS patients in intensive care units (ICUs)
from 50 countries, published in <JAMA> in 2016, documented that among 29,144 patients admitted to ICUs, the
prevalence of ARDS was 10.4%, with an in-hospital mortality rate of roughly 40%.” Currently, its pathogenesis remains
underexplored and encompasses several factors, including various pro-inflammatory cytokines such as tumor necrosis
factor (TNF-a), interleukin-1p (IL-1pB), interleukin-6 (IL-6), and monocyte chemotactic protein-1 (MCP-1). Additionally,
imbalances in coagulation and fibrinolytic systems, apoptosis, disturbances in oxidative and antioxidant homeostasis, and
impaired water channel protein are also implicated in the development of ALI.

Increasing evidence suggests that ALI is linked to the prolonged accumulation of reactive oxygen species (ROS) due
to excessive inflammation.” ROS are integral to the organism’s fundamental biochemical activities, helping to sustain the
redox balance within tissues and cells. However, excess ROS have been established to lower cell membrane fluidity and
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damage epithelial and microvascular barriers, eventually causing pulmonary edema and vasodilation.* ROS function as
inflammatory signaling molecules that can intensify pulmonary inflammation by activating nuclear transcription factor
kB (NF-kB), nucleotide-binding oligomeric structural domain-like protein 3 (NLRP3), and other inflammatory
pathways.” Moreover, infections by pathogens such as bacteria, viruses, and fungi are all capable of rapidly increasing
ROS levels, potentially triggering a systemic cytokine storm due to local ROS accumulation and exacerbating the
inflammation.®

In summary, the stimulation and oxidative stress induction by various noxious substances can disrupt the balance
between the oxidative and antioxidant systems in vivo, thereby contributing to ALI/ARDS progression. Currently, no
consistently effective medications for ALI treatment have been identified.’

AMP-activated protein kinase (AMPK) is a protein kinase involved in the regulation of cellular energy states. It is
activated under ischemic and hypoxic conditions as a result of multiple upstream kinase phosphorylations. Activated
AMPK acts on downstream target proteins and signal transduction pathways to regulate cellular catabolism. AMPK has
been demonstrated to relieve several diseases associated with inflammation and oxidative stress, with a particularly
significant impact on ALL®

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription factor that attenuates oxidative damage and
inhibits the inflammatory response. It regulates the expression of Phase II detoxifying enzymes, like reduced coenzyme 11
(NADPH), quinone oxidoreductase 1 (NQO-1), and heme oxygenase-1 (HO-1). Moreover, it is involved in triggering the
activity of antioxidant enzymes, including glutathione peroxidase (GSH-Px), catalase (CAT), and superoxide dismutase
(SOD).”'® These enzymes play a decisive role in exerting anti-inflammatory effects, scavenging oxygen free radicals,
and protecting cells from various forms of damage.

As an upstream regulator of Nrf2, the AMPK pathway participates in the direct modulation of pulmonary inflamma-
tion and activates the Nrf2 pathway via its phosphorylation. This activation leads to an increase in nuclear transcription
accumulation, boosts anti-inflammatory and antioxidant effects, and reduces ALL'" In the past, the AMPK/Nrf2 pathway
has often served as a target for the treatment of hepatic lipid infiltration and inflammation and has been mostly reported in
mediating oxidative stress and lipid metabolism.'*'* However, nowadays, more and more studies suggest that activation
of the AMPK/Nrf2 signaling pathway is likely to be an effective strategy for the prevention and treatment of ALIL.
Current research reveals that signaling pathways such as PI3K/Akt, NF-kB, MAPK, VEGF, and JAK/STAT indepen-
dently or collectively regulate the inflammatory processes of ALI. The AMPK/Nrf2 pathway occupies a central position
among them, intricately connecting with each of these pathways.

The PI3K-AKT pathway is an intracellular signaling mechanism that enhances metabolism, proliferation, cell
survival, growth, and angiogenesis. Activation of AMPK regulates cellular metabolism and inflammation by stimulating
PI3K/AKkt activity, while Akt influences Nrf2 transcription in the nucleus.'* AMPK activation suppresses the NF-xB and
MAPK pathways, thereby decreasing pro-inflammatory cytokine production.'> Nrf2 indirectly inhibits oxidative stress
from the NF-kB and MAPK pathways by regulating antioxidant gene expression.'®'” VEGF, a crucial regulator of
angiogenesis and permeability, is affected by AMPK, which modulates endothelial cell metabolism and survival, thereby
influencing VEGF expression and function to control vascular permeability and inflammation.'® Nrf2, through its
antioxidant actions, mitigates VEGF-mediated oxidative stress, protecting vascular endothelial cells.'” The JAK/STAT
pathway is essential for cytokine signaling and immune responses. AMPK activation inhibits JAK/STAT pathway
phosphorylation, thereby reducing pro-inflammatory cytokine production.””

This review outlined advancements in investigating the AMPK/Nrf2 signaling pathway concerning ALI, intending to
present novel insights into the treatment of lung injury and the development of effective drugs.

AMPK

AMPK, acting as an energy sensor, plays an instrumental role in both generating and conserving energy in eukaryotic
cells. Indeed, the enzyme directly senses the energy available within the cell by binding to adenosine triphosphate (ATP),
a key molecule in energy metabolism.?' Maintaining adequate levels of ATP is essential for the physiological functioning
of all living cells, given that ATP hydrolysis to adenosine diphosphate (ADP) yields the necessary energy to drive cellular
processes.22 Furthermore, ADP can be further converted to adenosine monophosphate (AMP). Cells must maintain
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a balance between the supply and demand of ATP to ensure an adequate supply. Oxidative stress can activate AMPK by
altering the ratio of AMP/ATP or ADP/ATP.>* A decrease in ATP production leading to a relative increase in AMP or
ADP activates AMPK, resulting in the phosphorylation of specific enzymes and growth control nodes. This activation
ultimately maximizes ATP production and concomitantly minimizes consumption, thereby maintaining energy
homeostasis.

AMPK Structure and Activation

First discovered in 1973,°* AMPK is a heterotrimeric protein complex consisting of a catalytic subunit o and two
regulatory subunits § and y. Each subunit comprises multiple isoforms, classified as al, o2, B1, B2, y1, y2, and y3,
resulting in twelve distinct AMPK complexes.”” These complexes are expressed in almost all eukaryotic cells, including
plants, fungi, and animals.?®

Under ischemic and hypoxic states, AMPK is activated by upstream kinases phosphorylating the intracyclic threonine
residue (Thr172) on its a-subunit. This activation triggers a cascade effect wherein AMPK acts on downstream target
proteins, thereby modulating intracellular catabolic processes. Notably, the B-subunit features a carbohydrate-binding
site, facilitating the binding of AMPK to glycogen. On the other hand, the y-subunit serves as a sensor for alterations in
the ratio of AMP/ATP.>’ Furthermore, AMPK plays a central role in inhibiting the dephosphorylation of Thr172 and
safeguarding it from phosphatases.”®

The liver kinase B1 (LKB1, also known as STK11) complex, a heterotrimer consisting of LKB1, STRAD, and MO25,
is one of the upstream kinases that activate AMPK by responding to an increase in AMP levels.” Specifically, it is
activated by either stress signals or activators. LKB1 is abundantly expressed in various tissues of the body and is
typically upregulated in the pancreas, liver, and skeletal muscle. During energetic stress, AMP stimulates axonal proteins
to interact with it, leading to LKB1 simultaneously phosphorylating Thr172 and activating AMPK. Interestingly, AMPK
phosphorylates Thr172 not only through its dependence on LKBI1 but also via the activation by Ca2+/calmodulin-
dependent protein kinase 2 (CAMKK?2, also referred to as CAMKKJf) as a response to calcium fluxes. AMPK is
hypothesized to serve as a crucial link connecting calcium signaling with energy metabolism. CAMKK?2 is highly
abundant in neural tissue in response to neuronal depolarization.*° It is noteworthy that CAMKK2 kinase and LKB1 are
two mammalian kinases displaying the highest degree of sequence homology.>'

In addition to the aforementioned methods, various allosteric activators can activate AMPK. These activators are
involved in most of the catabolic and anabolic processes of AMPK, and so far the exact mechanism by which most drugs
and compounds activate AMPK remains unclear. It is undeniable that AMPK has the potential to mitigate numerous
diseases induced by inflammation and oxidative stress, especially ALI.>* Therefore, we postulate that AMPK likely plays
a compelling role in preserving intracellular oxidative homeostasis.

AMPK Functions

AMPK is involved in mediating several crucial metabolic processes within cells, such as glucose metabolism, lipid
metabolism, and protein metabolism. Additionally, it plays a role in governing cellular autophagy, maintaining mito-
chondrial homeostasis, and exerting anti-inflammatory effects.*> These functions ultimately encompass nearly all
physiological activities observed in living organisms (Figure 1).

Glucolipid Metabolism

AMPK is a key target for the management of metabolic diseases, including diabetes, obesity, and fatty liver. One way in
which AMPK enhances glucose uptake is by driving the translocation and governing the expression of glucose
transporter protein 2 (GLUT2) from intracellular storage vesicles to the plasma membrane of cells.>* GLUT2, the
predominant isoform in hepatocytes, plays a key role in glucose uptake.>> Phosphorylation of AMPK regulates GLUT4-
mediated glucose uptake in muscle by inhibiting TBC1D1, a Rab-GAP protein that under basal conditions prevents
fusion of GLUT4-containing vesicles with the plasma membrane.’® In lipid metabolism, AMPK reduces fatty acid
synthase expression by decreasing the phosphorylation level of the transcription factor SREBP-1.>” Numerous studies
have highlighted the significant impact of metformin on glucose and lipid metabolism, with many attributing AMPK as
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Figure | Main functions of the AMPK signaling pathway.

a vital element in its physiological effects.’® Metformin activates AMPK by elevating the cytoplasmic ADP/ATP and
AMP/ATP ratios. Besides, the phosphorylation of AMPK by acetyl-CoA carboxylases (ACCs) contributes to its ability to
induce lipid synthesis, while metformin reciprocally influences insulin sensitivity and muscle glucose uptake.*
Intriguingly, retrospective studies have reported lower cancer rates in type 2 diabetic patients using metformin.*® The
activation of AMPK has been suggested to enhance potential tumor-suppressive and anti-tumorigenic properties,
presenting encouraging avenues for forthcoming cancer investigation and therapeutic approaches.

Protein Metabolism
AMPK, a key regulator of protein metabolic processes, plays a pivotal role in modulating the growth master regulator
mTOR. Under nutrient-rich conditions, mTOR activity increases with decreasing AMPK activity. Conversely, under
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energy-poor conditions, activated AMPK suppresses mTOR activity, leading to inhibition of cell growth and protein
synthesis.*! This regulatory mechanism is crucial in various physiological processes, including aging, inflammation, and
lipid and glucose metabolism. mTOR complex-1 (TORCI) is a key target of AMPK. It is inhibited through the direct
phosphorylation of its upstream regulator TSC2 and the subunit Raptor, thereby suppressing protein synthesis.****
Furthermore, AMPK directly regulates protein synthesis by phosphorylating eEF2K, which acts as a negative regulator of

protein elongation and is a downstream target of the mTOR pathway.**

Autophagy

AMPK activation also plays an equally important role in cellular autophagy. Autophagy refers to the physiological
process of engulfing and degrading cytoplasmic proteins or organelles through the formation of autophagic lysosomes
and is an indispensable step in the regulation of cellular metabolism.*> ATG is an indispensable gene implicated in
autophagy, whilst the UNC-51-like kinase 1 (ULK1) complex is its mammalian homolog.*® AMPK can regulate
mitochondrial autophagy and maintain intracellular homeostasis by phosphorylating ULK1 and promoting its
activity.*” In addition, AMPK can promote autophagy by phosphorylating Beclinl, which activates vacuolar protein
sorting 34 complex (VPS34),*® or by phosphorylating autophagy-associated gene (Atg9) protein, which induces
autophagic vesicle formation.** AMPK phosphorylation inhibits the downstream activation and phosphorylation of
mTOR, thereby regulating autophagy.®

Mitochondrial Synthesis

AMPK is regarded as a key regulator of mitochondrial biogenesis, created to boost ATP production in response to
increased energy demands. Under energy stress conditions, AMPK optimizes the formation of new mitochondria by
modulating the interaction between peroxisome proliferator-activated receptor gamma coactivator 1a (PGC-1a) and the
estrogen-related receptor (ERR).’' Moreover, AMPK regulates mitochondrial division by phosphorylating mitochondrial
fission factor (MFF) through dynamin-related protein 1 (DRP1).>? This not only enables the regulation of mitochondrial
fragmentation but also facilitates the replacement of defective mitochondria with new functional ones, thereby serving
a mitochondrial purification function.>®

Inflammation
AMPK is considered an interesting target involved in the regulation of immune homeostasis as well as in the treatment of
chronic inflammatory diseases. AMPK activation significantly induces the transition of macrophages from a pro-
inflammatory M1 phenotype to an anti-inflammatory M2 phenotype, thus exerting anti-inflammatory effects.>
Additionally, AMPK inhibits pro-inflammatory signaling pathways by suppressing the expression of MCP-1, an essential
chemokine involved in macrophage recruitment.’> By up-regulating PGC-1a activity, AMPK also impedes mitochondrial
ROS production,’® while down-regulating NAD(P)H gene expression limits cytosolic ROS production during mitochon-
drial regulation.”” Furthermore, AMPK activation alleviates ischemia-induced endoplasmic reticulum (ER) stress. Severe
ER stress can trigger apoptosis of alveolar epithelial cells, whilst phosphorylated AMPK has been shown to inhibit
inflammatory vesicle activity and attenuate rat ER stress,” which is crucial for the regulation of post-ischemic injury,
survival, and remodeling. AMPK also exerts its anti-inflammatory effects by activating PI3K/Akt and Nrf2 and inhibiting
NF-kB, MAPK, and JAK/STAT pathway activation.

In summary, AMPK plays a dual role in balancing energy supply with demand and acts as a critical coordinator of
vital intracellular pathways, mediating redox states, relieving inflammation, and regulating autophagy.

Nrf2

In recent years, Nrf2 has emerged as a major target for the treatment of lung diseases. It is an essential transcription factor that
participates in the primary cellular antioxidant mechanism, suppressing inflammatory reactions and minimizing oxidative
injury.”® As a key regulator of redox balance, Nrf2 not only maintains the phenotype of type 2 alveolar epithelial cells but also
enhances their defense against inflammatory injury.® It interacts with numerous signaling pathways to regulate the activity of
oxidative enzymes (including NOX, NOS, XO, and CYP) implicated in inflammation and cellular death. In ALI, Nrf2 confers
antioxidative and anti-inflammatory effects by regulating gene expression through the Antioxidant Response Element (ARE),
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a specific DNA promoter binding site.®' The ARE is located in the presence of protective genes such as SOD, GST, and others.
These protective genes can be activated by several electrophilic and oxidative compounds to promote the expression of phase
IT antioxidant and detoxification enzyme genes. Lastly, this activation enhances the ability of cell tissues to effectively inhibit
stress, thus playing a protective role.®

Nrf2 Structure

Nrf2, a member of the Cap’n’Collar (CNC) subfamily, was initially isolated from a human leukemia cell line (K562) and is
composed of seven functional domains spanning from Nrf2-ECH homology (Neh)1 to Neh7.® The Neh2 segment includes two
crucial motifs known as DLG and ETGE, indispensable for facilitating the interaction of Nrf2 with its cytoplasmic inhibitor, the
kelch-like ECH-associated protein 1 (Keapl).** These motifs, DLG and ETGE, represent the areas within the Nrf2-Neh2
structural domains that attach to the kelch structural domains within Keap1’s homodimers. This attachment crucially impacts
Nrf2’s transcriptional activities by negatively regulating them and encouraging their breakdown.®> The ETGE motif, notable for
its higher affinity, is termed the hinge, whereas the DLG motif functions as the latch. This binding phenomenon is recognized as
the “Hinge-and-latch model”, demonstrating the structural basis by which Nrf2 maintains stability in the cytoplasm.

Under homeostatic conditions, Keapl acts as a substrate articulating protein for cullin3 (CUL3)-dependent E3
ubiquitin ligase, mediating Nrf2 ubiquitination. It subsequently suppresses Nrf2 transcriptional activity via proteasomal
degradation.®” When the ubiquitin chain reaches a length of four ubiquitins, the polyubiquitinated protein becomes a new
substrate for 26S proteasome degradation.®®

Nrf2 Functions and Effects

Under physiological conditions, Nrf2 is inactivated by binding to its negative regulator, Keapl. Upon stimulation by
endogenous or exogenous oxidative stress, the sensing cysteine within Keapl dissociates the binding of Nrf2 from Keapl.
As a result, Nrf2 escapes ubiquitination and translocates from the cytoplasm into the nucleus.® In the nucleus, Nrf2 forms
a heterodimer with a small Maf protein termed Nrf2-Maf. This complex then binds to the downstream ARE promoter region,
activating the transcription of antioxidant genes such as HO-1, NQO1, SOD, and CAT.®® Furthermore, the Nrf2-Maf complex
inhibits the expression and release of pro-inflammatory factors associated with NF-kB-mediated inflammatory responses, thus
attenuating pulmonary inflammation.”® Conversely, the excess ROS generated by oxidative stress leads to the accumulation of
unfolded proteins (UPR) in the endoplasmic reticulum, which aids in the separation of the Nrf2-Keap1 complex and facilitates
the transport of Nrf2 into the nucleus through the endoplasmic reticulum kinase (PERK). Taken together, PERK-mediated
nuclear movement of Nrf2 assists in sustaining redox balance,’' allowing Nrf2 to play a dual positive regulatory role.

Another unconventional pathway activated by Nrf2, which holds considerable implications in mitigating oxidative
stress, is the autophagy-lysosomal pathway alongside the Nrf2-Keapl axis. p62/SQSTMI, alternatively referred to as
p62, is a typical receptor for selective autophagy that is responsible for the breakdown of ubiquitinated substrates.
Autophagy dysfunction, encompassing Atg5 or Atg7 deficiency and exposure to arsenic, conduces to the accumulation of
p62 autophagy bridging proteins.”> As a multidomain protein capable of interacting with various proteins, excessive p62
accumulation interferes with the functions of multiple binding proteins, including Keapl. Consequently, p62 competes
with Nrf2 for Keapl binding and sequesters it into the autophagosome, thereby impeding Keap1-mediated degradation of
Nrf2 and ultimately leading to the liberation of Nrf2 and the subsequent transcriptional activation of its target genes.”>’*
Phosphorylating p62 enhances its ability to bind more tightly to Keap1.”” It is found that p-Akt mediates Nrf2 nuclear
localization, leading to the upregulation of HO-1 and NQO1, which alleviates lung inflammation, oxidative stress, and
apoptosis.’® Conversely, Nrf2 deficiency decreases p-Akt activity, leading to cell death.”’

Nrf2 has traditionally been considered a tumor suppressor owing to its cytoprotective role, recognized as the first-line
cellular defense against both external and internal stimuli. Notwithstanding, recent studies evinced that excessive
activation of the Nrf2 pathway may create a cellular microenvironment conducive to the survival of both healthy and
cancerous cells, collectively protecting against oxidative stress and conferring resistance to chemotherapeutic drugs and
radiotherapy.”® These findings insinuate that Nrf2 may play a dual role as both a suppressor and a promoter in
tumorigenesis. Considering that the application of Nrf2 in the field of oncology is in its early phases, there is an urgent
need to identify genes linked with this pathway and its regulatory framework for an in-depth understanding.
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AMPKI/Nrf2 Signaling Pathway
AMPK/Nrf2

A functional interconnection exists between AMPK and Nrf2. AMPK, an upstream enzyme of Nrf2, enhances the expression
of antioxidant genes, thereby inhibiting oxidative damage.”® Additionally, AMPK can trigger the phosphorylation of residue
Ser558 (Ser550 in mice) on Nrf2, influencing the nuclear accumulation of Nrf2.%° Notably, following the mutation of this
residue, the activation of AMPK is unable to promote the nuclear import of Nrf2. In cells, AMPK activation prompts the
release of Nrf2 from Keapl, facilitating its nuclear translocation and accumulation. Nrf2 then binds to the ARE, initiating the
expression of multiple antioxidant and detoxification enzymes, which restores oxidative equilibrium in the cell (Figure 2).%'-*?

Compounds such as Ethyl ferulate (EF),*> Limonin,** 1,2,3,4,6-O-Pentagalloylglucose(PGG),'* Kinsenoside® and
Sophoricoside(SOP)*® have been shown to play a key role in multiple biological processes. In other words, they are involved
in activating the phosphorylation of AMPK and up-regulating the level of Nrf2 protein. Additionally, they promote the nuclear
translocation of Nrf2, inhibit the synthesis and release of iNOS, NO, and inflammatory cytokines (TNF-a, IL-1, and IL-6),
lower intracellular malondialdehyde (MDA) and myeloperoxidase (MPO) levels, and enhance the activity of antioxidant
enzymes such as SOD, GSH, and Gpx. Furthermore, these compounds mitigate the increase in permeability of mouse lung
tissues and inflammatory lung injury and oxidative stress. Acadesine mitigates inflammation and tissue damage linked to
severe acute pancreatitis-induced acute lung injury (SAP-ALI) by activating AMPK, which regulates the Nrf2-dependent
antioxidant pathway. This action ameliorates endothelial dysfunction, decreases oxidative stress, and suppresses apoptosis.®’

AMPK/Nrf2/HO-1 Signaling Pathway

Acting under the regulation of Nrf2, Heme oxygenase-1 (HO-1) serves as a crucial enzyme in the cellular defense
mechanism against oxidative stress and is essential for the preservation of endothelial homeostasis, operating as

Oxidative stress
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Figure 2 Mechanism of AMPK/Nrf2 signaling pathway in ALI.
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a signaling molecule in the pathway downstream of Nrf2.*® HO-1 initiates the production of biliverdin-IXa (BV) through
the oxidative degradation of heme and further processes it into bilirubin-IXa (BR) with the help of biliverdin reductase
(BVR).* These substances, known for their strong systemic antioxidant properties, contribute to the removal of ROS and
offer protection at the cellular level.

Liang et al determined that berberine is effective in preventing acute lung inflammation caused by cigarette smoke by
mitigating lipopolysaccharide-induced ALI via the PERK-mediated Nrf2/HO-1 signaling pathway.”® These observations
suggest that the activation of the Nrf2/HO-1 pathway plays a decisive role in mitigating lung inflammation. Additionally,
5-aminoimidazole-4-carboxamide ribonucleoside(AICAR), an AMPK activator, has been found to up-regulate HO-1
expression by activating Nrf2 in endothelial cells, thereby exerting a protective effect against cytokine-mediated
apoptosis. Moreover, AICAR can restore AMPK phosphorylation and increase HO-1 levels in bromine-exposed cells
and pulmonary tissues, consequently attenuating lung injury and enhancing lung function.”'** Meanwhile, Wang et al
demonstrated that the AMPK/Nrf2/HO-1 signaling pathway enhances the phenotype of M2 macrophages and exerts anti-
inflammatory effects.>® Taken together, these studies indicate that up-regulation of the Nrf2/HO-1 signaling pathway can
inhibit the inflammatory response, highlighting its pulmonoprotective role against various insults.

Of note, Nerolidol”®> and Lycium barbarum polysaccharide (LBP)’* can mitigate cellular oxidative stress and lung
injury in mice by inducing the phosphorylation of AMPK, activating the AMPK/Nrf2/HO-1 signaling axis, and
enhancing the activities of Nrf2 and Gpx, thereby inhibiting the levels of MPO, MDA, and IL-1f, IL-6.

Macrophages and AMPK/Nrf2

Macrophages play a vital role as effector cells in the exudative, proliferative, and fibrotic phases of ALI/ARDS. There are two
primary phenotypes into which macrophages can be polarized, namely the classically activated (M1) phenotype and the
alternatively activated (M2) phenotype.”” During the initial exudative stage of pneumonia, mediators at the area of injury
stimulate macrophages, inducing their differentiation into M1 macrophages through polarization. These M1 macrophages
subsequently release pro-inflammatory factors, such as TNF-a, IL-1B, IL-6, and iNOS, and recruit neutrophils, thereby
increasing levels of oxidative stress-induced products and causing tissue damage. Following the transition from the exudative
phase to the proliferative repair phase, pulmonary macrophages shift from an M1 to an M2 phenotype. Thereafter, these M2
macrophages activate the anti-inflammatory signaling pathway and boost the production of anti-inflammatory agents such as
IL-10 and TGF-B. This process aids in managing pulmonary inflammation and promotes the repair of lung tissue.’®"’

AMPK is essential for macrophage metabolism and immune function. Situated at the crossroads of metabolism and
inflammation in macrophages, AMPK regulates polarization towards the anti-inflammatory M2 phenotype via signal
transduction.”® This process decreases pro-inflammatory cytokine production and increases IL-10 secretion.”
Additionally, AMPK modulates macrophage phagocytic activity. Upon oxidative stress, Nrf2 activation enhances
macrophage antioxidant capacity, reducing ROS levels and mitigating oxidative damage.'® These findings portray
a potential therapeutic strategy for modulating macrophage polarization and alleviating pulmonary inflammation.

In a mouse and cellular model of MRSA-induced ALI, Wu et al noted that Dehydrocostus lactone (DHL) attenuates
p38 MAPK and NF-«B phosphorylation, promotes the activation of the AMPK/Nrf2 signaling pathway and AMPK
phosphorylation, up-regulates the protein levels and gene expression levels of Nrf2 and HO-1, shift macrophage
polarization from the M1 phenotype to the M2 phenotype, and inhibits neutrophil infiltration and the production of
TNF-a, IL-1B, and IL-6, thus alleviating ALI in mice.'?!

NF-xB, MAPK and AMPK/Nrf2

The NF-«kB and Mitogen-activated protein kinase(MAPK) signaling pathways are closely associated with oxidative inflam-
matory diseases. The NF-«xB, a dimeric transcription factor localized in B lymphocytes, regulates the levels of inflammatory
factors, playing a significant role in the development of lung diseases.'” Identified in nearly all cell types via the inhibitor
protein IkB-o, the p65 and p50 subunits of NF-kB are acetylated at several lysine sites.'® It plays a role in mediating cellular

inflammation, apoptosis, and proliferation'®*

and is triggered by diverse extrinsic factors, including cytokines, free radicals,
and microbial or viral antigens. Activation of Nrf2 has been evinced to trigger anti-inflammatory cascades associated with NF-

kB-mediated inflammatory responses. This process impairs the phosphorylation of IkB-a kinase (IKK) and prevents the NF-
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kB p65 subunit from translocating into the nucleus, which results in decreased levels of MPO, MDA, and ROS. This also
down-regulates the expression of inflammatory cytokines and relieves both inflammation and oxidative stress in ALL'®
Furthermore, AMPK contributes to inflammatory reactions by decreasing NF-kB nuclear translocation and inhibiting the
transcription of factors related to innate immunity and inflammation through the suppression of the NF-xB signaling
pathway.'® The Nrf2/Maf/ARE antioxidant pathway, which is activated following the translocation of Nrf2 into the cell
nucleus, partially inhibits the expression of the NF-kB signaling pathway, thereby regulating oxidative homeostasis.”®

The mitogen-activated protein kinase (MAPK) pathway is crucial in eukaryotic signal transduction, regulating cell
proliferation, differentiation, apoptosis, and stress responses. It controls pro-inflammatory mediator synthesis and release
primarily through macrophage activation,'% playing a role in inflammation and oxidative stress in ALL'®” MAPK has three
main subfamilies: ERK, p38, and JNK. p38 activation triggers significant inflammation, ERK regulates cytokines like TNF-a,
IL-1pB, and IL-6, and JNK controls apoptosis and inflammation.'® Activation of any MAPK subfamily can accelerate ALI
progression. Inhibition of the MAPK pathway alleviates LPS-induced ALI via the NF-kB pathway,'°*''° showing that NF-kB
activation is regulated by MAPK.Toll-like receptors (TLRs) are essential in innate immunity. TLR4 initiates ALI inflamma-
tory responses through MyD88 (myeloid differentiation factor 88)-dependent and independent pathways.''" High mobility
group box 1 (HMGB1), a nuclear protein, is released from damaged cells and induces pro-inflammatory cytokine release as
a primary TLR4 ligand.''? The HMGB1-TLR4 pathway activates MAPK and NF-kB, promoting inflammation.'"* AMPK
reduces ALI severity by inhibiting HMGB1 and TLR4 activity, thereby suppressing MAPK and NF-«B pathway activation.'?

Polygonatum, a traditional Chinese medicine with a history spanning nearly a thousand years, is extensively utilized in
clinical settings to treat lung diseases, fatigue, weakness, and indigestion. Gan et al isolated and extracted polysaccharides
from raw Polygonatum cyrtonema Hua (PCP), honey-processed Polygonatum cyrtonema Hua (HPCP), and revealed that PCP
and HPCP inhibited NF-kB phosphorylation, activated the AMPK/Nrf2 signaling pathway, and enhanced downstream HO-1
and NQO-1 activities, thereby lowering the levels of pro-inflammatory mediators and regulating pulmonary oxidative
homeostasis in an LPS-induced ALI model of mice and that HPCP appeared to have a superior effect to PCP.!'*

The aqueous extract of velvet antler (AVA) can elevate HO-1 activity by activating the AMPK/Nrf2 pathway, significantly
decreasing the expression level of IkB-a and NF-kB, and the levels of ERK, JNK, and p38 protein phosphorylation in the
MAPK pathway. Furthermore, it suppressed excessive neutrophil activation and the release of MDA, MPO, TNF-a, IL-1p,
and IL-6 in mouse lung tissue, as well as upregulated the expression of IL-10 and antioxidant enzymes. Importantly, it plays
a role in alleviating pulmonary edema and anti-oxidative stress.''> Compounds that exert comparable effects include 2'-
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O-galloylhyperin,''® Ethyl acetate fractions of Adenostemma Lavenia(EAAL),""” and so on.

NLRP3 Inflammasome and AMPK/Nrf2

The nucleotide-binding domain and leucine-rich repeat protein 3 (NLRP3) is an integral component of a multi-protein
intracellular inflammation pathway that plays an essential role in cellular antioxidant reactions and acts as a primary
intracellular innate immune signaling receptor. This protein detects alterations in the cellular environment and responds to
internal danger signals, leading to the assembly and activation of the NLRP3 inflammasome."'® The NLRP3 inflammasome
consists of NLRP3, the apoptosis-associated speck-like protein (ASC) containing the caspase recruitment domain, and
caspase-1, forming a complex oligomer.""” This complex is activated in response to ROS and a wide array of endogenous
and exogenous stimuli, resulting in lysosomal and mitochondrial damage and disturbances in ionic balance. Upon activation,
the NLRP3 inflammasome facilitates the cleavage of caspase-1 into caspase-1 p20, which subsequently promotes the cleavage
of pro-IL-1B and pro-IL-18 into their bioactive mature forms.'?® The increased activity of the NLRP3 inflammasome
correlates with lung injury induced by bacterial pathogens and culminates in ventilator-associated ALI, along with the
progression of chronic respiratory conditions like asthma and chronic obstructive pulmonary disease (COPD)."*'

In animal models of acute pancreatitis (AP), was discovered to enhance the nuclear translocation of Nrf2, suppress the
activation of NLRP3 inflammasome and the NF-«xB inflammatory pathway, and lower the expression of TNF-a, IL-1p, and IL-
6, thereby conferring protection against AP-induced lung injury in rats.'** According to a previous study, activating AMPK
down-regulated the expression of thioredoxin interacting protein (TXNIP), affecting the production of inflammatory vesicles.
Additionally, it suppresses the expression of NLRP3 by inhibiting the phosphorylation of the NF-kB p65 subunit,'**'#*

thereby alleviating ALI.
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In another study on PM-induced ALI mice, Badamjav et al observed that Thalictrum minus L (TML) effectively
down-regulated NLRP3 and Keap expression, enhanced p-AMPK and Nrf2 activity, and reduced the effects of
inflammatory factors in vivo.'?® These actions significantly ameliorated lung injury and prevented apoptosis in mice.
Furthermore, Galactose lectin 1 (Gal-1), a natural B-galactoside-binding protein, was found to inhibit NLRP3-mediated
inflammatory vesicle generation and suppress the release of ROS, MDA, iNOS, COX2, and other inflammatory factors in
LPS-induced lung tissues of mice. This outcome was achieved by increasing AMPK phosphorylation and elevating Nrf2
protein levels, thereby further mitigating pathological lung injury.®?

GSK3p and AMPK/Nrf2

Glycogen synthase kinase-3 (GSK3p) is a protein kinase B and one of the Akt substrates involved in Keapl-independent Nrf2
stabilization and regulation. Under physiological conditions, GSK3[ within the cytoplasm phosphorylates two segments of
Nrf2, leading to the ubiquitination of B-TRCP and initiating the nuclear degradation of Nrf2.'%° Likewise, AMPK can mediate
the phosphorylation and inactivation of GSK3p, consequently boosting the nuclear accumulation of Nrf2.'?” Furthermore,
ROS can directly promote the nuclear translocation of Nrf2 by enhancing the phosphorylation of GSK3p. These processes
conjointly contribute to the upregulation of downstream antioxidant factors and the inhibition of the NF-kB inflammatory
pathway. However, following excessive ROS accumulation, the Nrf2/ARE antioxidant pathway becomes overwhelmed and is
thus unable to maintain the balance between oxidation and antioxidation, thus leading to pulmonary inflammation.

In an ALI model, LPS stimulation disrupted the AMPK/Nrf2/GSK3p signaling pathway in macrophages.
Xanthohumol (Xn) can alleviate lung oxidative damage and apoptosis by stimulating the phosphorylation of AMPK
and GSK3p. This activation triggers the AMPK/Nrf2/GSK3p axis in macrophages, leading to the translocation of Nrf2
into the nucleus. This event boosts the production of antioxidant enzymes such as SOD and GSH, simultaneously
decreasing the production of ROS and HMGB1.*? This pulmonoprotective mechanism involving AMPK/Nrf2 activation,
GSK3p phosphorylation and inactivation, NLRP3 inflammasome inhibition is also shared between Buformin (BF)'?® and
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Isoliquiritigenin (ISL), =~ as evidenced in both mouse and cellular models.

Clinical Trials and AMPK/Nrf2

Current research indicates that certain pharmacological activators (such as metformin, phenformin, thiazolidinediones,
berberine, and resveratrol) can indirectly activate AMPK by inhibiting mitochondrial respiration, thereby increasing AMP
levels.*® A randomized clinical trial from Iran, published in 2023, involved 189 patients diagnosed with COVID-19,
divided into a metformin group (85 patients) and a control group (104 patients). Results showed that diabetic patients with
prior metformin treatment had lower ICU admission rates and mortality compared to non-diabetic patients. Metformin
improved COVID-19 outcomes in diabetic patients and significantly reduced intubation rates.'*'

Another study demonstrated that vitamin D might protect the respiratory system by reducing pulmonary inflammation
through antimicrobial peptide cathelicidins. Metformin may enhance vitamin D receptor sensitivity by improving AMPK
signaling, thereby augmenting its lung-protective effects.'** Sorafenib, commonly used in chemotherapy for non-small
cell lung cancer (NSCLC), showed in a phase II clinical trial involving KRAS-mutant advanced NSCLC that combining
sorafenib with metformin enhanced AMPK activity, which improved the inhibition of cancer cell proliferation and had
a beneficial impact on tumor regression.'**

Resveratrol (RESV), a natural polyphenol and AMPK activator, exhibits significant antiviral and antioxidant proper-
ties. A study on 190 patients with SARS-CoV-2 hospitalized at Hospital das Clinicas in Brazil found that RESV reduced
neutrophil activation and free DNA release, suggesting that RESV adjunctive therapy might help mitigate inflammation
and improve patient outcomes.'>* Interestingly, resveratrol is also an Nrf2 pathway activator.'*>

Curcumin, another natural polyphenol, and Nrf2 activator, targets the Nrf2 pathway to protect cells from oxidative
damage."*® In a double-blind, placebo-controlled randomized clinical trial involving 60 patients with stage 3 and 4 COPD,
participants were assigned to either an 80 mg nanocurcumin group (n=30) or a placebo group (n=30) for 3 months. The effect of
nanocurcumin on lung function was assessed using the FEV1/FVC ratio. Results indicated that patients in the nanocurcumin
group had significantly lower IL-6 levels and improved respiratory function compared to the placebo group. Nanocurcumin

supplementation appeared to benefit the inflammatory state and respiratory indices in severe COPD patients.'*’
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Table | Activation of the AMPK/Nrf2 Signaling Pathway by Natural Compounds and Drugs to Attenuate ALI

LTA-induced
RAW264.7 cells and
BMDMs

0,03, I, 3, 10 uM for 0.5h

IMAPK, NF-xB, NLRP3, MDA, MPO,
iNOS, TNF-o, IL-1B, IL-6

Name Types In vivo/ln vitro Does/route/Time Findings Result Reference
model
EF Polyphenol LPS-induced mice ALI 25 or 50 mg/kg, i.p. 1p-AMPK, Nrf2, Gpx4 Improves ALl in mice, inhibition of cellular oxidative Wu YX
model IMDA, MPO, iNOS, NO, TNF-a, IL-18, stress and inflammation 20219
IL-6
LPS-induced 3, 10, 30, 100uM for 0.5h
RAW?264.7 cells and
BMDMs
Limonin Tetra cyclic LPS-induced mice ALI 30 or 60 mg/kg/day orally for 7 days 1p-AMPK, Nrf2, Gpx4 Improves ALl in mice, inhibition of cellular oxidative Liang H
triterpenoid model |MDA, MCP-1, Nox2, LDH, TNF-q, IL-1B | stress and inflammation 2023%
LPS-induced BMDMs 20 or 60 uM for 6h
PGG Compound LPS-induced rat ALI 30 or 60 mg/kg, i.p. 1p-AMPK, Nrf2, PI3K, P-Akt, SOD Improves ALl in mice Zhang Q
model |ROS, MDA, IL-1, IL-6 2022'*
Kinsenoside Compound LPS-induced mice ALI 100 mg/kg/day orally for 7 days 1p-AMPK, Nrf2, SOD Improves ALl in mice, promotes mitochondrial fusion Yang Y
model |ROS, MDA, MPO, TNF-q, IL-Ip, IL-6 2022%
SOP Isoflavone LPS-induced mice ALI 20 mg/kg, i.p. 1p-AMPK, Nrf2, GSH Improves ALl in mice, inhibition of cellular oxidative Wu YX
glycoside model LROS, MDA, MPO, iNOS, NO, TNF-q, IL- | stress and inflammation 20218
1B, IL-6
LPS-induced 3, 10, 30, or 100 pM for 0.5h
RAW264.7 cells and
BMDMs
Acadesine Adenosine SAP-induced rat ALI 200 or 400 mg/kg, injected retrogradely TP-AMPK, Nrf2, HO-I, NQO-I Improves ALl in rats and mice, maintenance of endothelial | Zhu X
analog model into the pancreaticobiliary duct |ROS, MDA, MCP-1, TNF-o, IL-1p, IL-6 cell function, and inhibition of apoptosis 2022%7
SAP-induced Nrf2 /"~ 400 mg/kg, i.p.
mice ALl model
TNF-a-induced 50 ng/mL
HPMECs
Nerolidol Sesquiterpene LPS-induced mice ALI 10, 30 or 100 pumol/kg, i.p. 1p-AMPK, Nrf2, HO-1, SOD, CAT, GPx Improves ALl in mice Ni YL
model LROS, MDA, MPO 2019%
LBP Polysaccharide | Hyperoxia-induced 100 mg/kg orally for 7 days 1p-AMPK, Nrf2, HO-1, Gpx Improves ALl in mice, inhibition of cellular oxidative Zheng G
mice ALl model |Keapl, ROS, MDA, IL-1, IL-6 stress and inflammation 2019%4
Hyperoxia-induced 50 or 100 pM for 0.5h
PMVECs
DHL Sesquiterpene MRSA-induced mice 2.5 or 5 mg/kg, i.p. 1p-AMPK, Nrf2, HO-I, GSH, Gpx4, M2/ Improves ALl in mice, promoting macrophage polarisation | Wu YX
ALl model Mi from the M1 to M2 phenotype 2021'°

(Continued)
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Table | (Continued).

LPS-induced
RAW264.7 cells

5, 10, 20 uM for 18h

iNOS, NO, TNF-q, IL-1B, IL-6

Name Types In vivo/ln vitro Does/route/Time Findings Result Reference
model
PCP Polysaccharide | LPS-induced mice ALI 400 or 800 mg/kg/dw orally for 7 days 1p-AMPK, Nrf2, HO-1, NQO-I, SOD Improves ALl in mice, HPCP outperforms PCP Gan Q
HPCP model INF-B, MPO, TNF-q, IL-1B, IL-6 2022'"*
AVA Compound LPS-induced mice ALI 125, 250, or 500 mg/kg orally for 5 days | 1p-AMPK, Nrf2, HO-1, SOD, CAT, Gpx Improves ALl in mice Chang JS
model IMAPK, NF-kB, Keap |, MPO, iNOS, NO, 2018''">
TNF-q, IL-1, IL-6, COX-2
2- Compound LPS-induced mice ALI 10 or 50 mg/kg, i.p. 1p-AMPK, Nrf2, HO-I, SOD, GSH Improves ALl in mice Zhang SD
O-galloylhyperin model IMAPK, NF-kB, ROS, MDA, MPO, TNF-a, 2019'"¢
IL-6
EAAL Compound LPS-induced mice ALI 62.5, 125, or 250 mg/kg orally for 5 days | 1p-AMPK, Nrf2, HO-I, SOD, Gpx Improves ALl in mice, inhibition of cellular oxidative Chen ]
model IMAPK, NF-kB, ROS, MPO, iNOS, NO, | stress and inflammation 2019'"7
TNF-q, IL-1, IL-6, COX-2
LPS-induced 62.5, 125, 250 pg/mL for 24h
RAW264.7 cells
TML Medicinal plant | PM-induced rat ALI 10, 20 or 40 mg/kg orally for 3 days 1p-AMPK, Nrf2, SOD Improves ALl in mice, inhibition of apoptosis, and weight | Badamjav R
model INLRP3, Keap, MPO, NO, TNF-q, IL-1B, | loss in mice 2021'%
IL-6, COX-2
Gal-1| Protein LPS-induced mice ALI I, 3, or 5 ug each mouse, i.p. 1p-AMPK, Nrf2, HO-I, NQO-I, SOD, Improves ALl in mice, inhibition of cellular oxidative Huang XT
model GSH stress and inflammation 2020%?
INLRP3, ROS, MDA, iNOS, TNF-q, IL- 1B,
LPS-induced 4 ug/mL for Ih IL-6, COX-2
RAW264.7 cells
Xn Prenylflavonoid | LPS-induced mice ALI 10 or 50 mg/kg, i.p. TP-AMPK, Nrf2, SOD, GSH Improves ALl in mice, inhibition of cellular oxidative LvH
model 1GSK3B, NF-kB, NLRP3, HMGBI, MDA, stress and inflammation 2017%2
MPO, iNOS, TNF-q, IL-1B, IL-6
LPS-induced 1.25,2.5, 5 uM for lh
RAW264.7 cells
BF Medicine LPS-induced mice ALI 25 mg/kg, i.p. 1p-AMPK, Nrf2 Improves ALl in mice, inhibition of cellular pyroptosis Liu B
model | GSK3B, NF-kB, NLRP3, MPO, TNF-q, IL- 2022'%®
1B, IL-6
LPS-induced THP-1 30 uM for 12h
cells
ISL Compound LPS-induced mice ALI 30 mg/kg, i.p. 1p-AMPK, Nrf2 Improves ALl in mice, inhibition of cellular oxidative Liu Q
model 1GSK3p, NF-kB, NLRP, ROS, MDA, MPO, | stress and inflammation 2017'%°

Abbreviations: EF, ethyl ferulate; PGG, 1,2,3,4,6-O-pentagalloylglucose; SOP, sophoricoside; DHL, dehydrocostus lactone; LBP, lycium barbarum polysaccharide; PCP, polysaccharides from raw Polygonatum cyrtonema Hua; HPCP,
polysaccharides from honey-processed Polygonatum cyrtonema Hua; AVA, the aqueous extract of velvet antler; EAAL, ethyl acetate fractions of Adenostemma Lavenia; TML, thalictrum minus L.; Gal-1, galectin-1; Xn, xanthohumol; BF,
buformin; ISL, isoliquiritigenin; BMDMs, bone marrow-derived macrophages; PMVECs, pulmonary microvascular endothelial cells; HPMECs, Human pulmonary microvascular endothelial cells; LPS, lipopolysaccharide; MRSA, methicillin-
resistant Staphylococcus aureus; LTA, Lipoteichoic Acid; PM, particulate matter; AMPK, AMP-activated protein kinase; p-AMPK, phosphorylated AMPK; Nrf2, nuclear factor erythroid 2-related factor 2; GSK3p, glycogen synthase kinase-
3; NF-kB, the nuclear transcription factor kB; HO-I, heme oxygenase-1; NQO-I, NAD(P)H quinone oxidoreductase; SOD, superoxide dismutase; MDA, malondialdehyde; MPO, myeloperoxidase; ROS, reactive oxygen species; TNF-q,
tumour necrosis factor-a; IL-6, interleukin-6; IL-1p, interleukin-1B3; MCP-1, monocyte chemotactic protein-1; GSH, glutathione; Gpx, glutathione peroxidase; NLRP3, the nucleotide-binding domain and leucine-rich repeat protein 3;

Keapl, kelch-like ECH-associated protein-|; CAT, catalase; HMGBI, high mobility group box I; PI3K, phosphoinositide 3-kinase.
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Historically, the AMPK/Nrf2 pathway was well-known for treating hepatic lipid infiltration and inflammation. Recently, it has
gained attention as a potential therapy for lung injury. However, clinical evidence supporting compounds and drugs that
simultaneously activate the AMPK/Nrf2 pathway remains insufficient, and their therapeutic potential requires further exploration.

Summary and Perspective

ALl is a complex clinical syndrome involving inflammatory responses, endothelial barrier dysfunction, and abnormal macro-
phage migration. Activated AMPK senses redox signals and has anti-inflammatory effects. In respiratory inflammation,
pulmonary AMPK is significantly inhibited, and its activation can prevent lung injury. Recent research reveals that gut microbiota
influences ALI, with certain short-chain fatty acids alleviating SAP-ALI via AMPK activation, offering new therapeutic
insights.'*® Nrf2 is a key antioxidant pathway. Under oxidative stress, Nrf2 moves from the cytoplasm to the nucleus, promoting
antioxidant enzyme expression and reducing ALI-induced oxidative damage. AMPK, as an upstream kinase of Nrf2, enhances
Nrf2 nuclear accumulation and GSK3 phosphorylation, upregulating HO-1 and NQO-1. This inhibits MAPK and NF-kB
inflammatory pathways and NLRP3 inflammasome activation, reducing oxidative and inflammatory mediators (MDA, MPO,
TNF-a, IL-6, IL-1P) and increasing antioxidant enzymes (SOD, GSH), improving pulmonary inflammation (Figure 2).Despite
advances in understanding ALI pathogenesis, its mechanisms remain unclear, and treatment is challenging. New therapeutic
methods are urgently needed. AMPK/Nrf2 is emerging as a key target for lung injury research, with promising prospects. This
review summarizes drugs or compounds that simultaneously activate AMPK and Nrf2 to treat ALI (Table 1 and Figure 3).
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Figure 3 Chemical structures of natural compounds and drugs that attenuate ALl by activating the AMPK/Nrf2 signaling pathway.
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However, these studies are still preclinical and lack definitive clinical evidence. Further research on the combinations and clinical

use of these activators is needed, offering new directions for ALI/ARDS treatment strategies.
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