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Abstract: Sepsis is a systemic inflammatory response syndrome caused by infection, with resulting organ dysfunction being the
key factor in mortality. The lung is one of the organs most frequently affected by sepsis. Recent studies have shown that active
components of traditional Chinese medicine medica can exert anti-inflammatory, anti-oxidative stress, anti-pyroptosis, and
anti-ferroptosis effects by regulating signaling pathways such as Toll-like receptor 4 (TLR4)/nuclear factor kB(NF-kB), mitogen-
activated protein kinase (MAPK), NOD-like receptor family pyrin domain containing 3(NLRP3)/caspase-1, phosphatidylinositol
3-kinase (PI3K)/protein kinase B (Akt), and nuclear factor E2-related factor 2 (Nrf2)/heme oxygenase-1 (HO-1), thereby
alleviating sepsis-induced lung injury. This article reviews the mechanisms of these signaling pathways in sepsis-induced lung
injury and the research progress on traditional Chinese medicine active components in regulating these pathways for the
treatment of sepsis-induced lung injury. It is concluded that traditional Chinese medicine has advantages of multi-components,
multi-targets, and overall regulation, showing significant therapeutic effects and promising research prospects. In the future,
the scope of research on traditional Chinese medicine in regulating disease targets and mechanisms should be expanded to
further explore its mechanisms and therapeutic potential, providing theoretical foundations and empirical references for the
clinical diagnosis and treatment of critical illnesses.
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Sepsis is defined as a life-threatening organ edema. This not only exacerbates the systemic

dysfunction caused by a dysregulated host response to
infection. It is characterized by a high incidence and
mortality rate and is one of the major causes of increased
mortality and hospital costs in modern intensive care units
(ICUs) [1]. The annual incidence of sepsis ranges from 276
to 678 per 100,000 people, with a total mortality rate of
22.5% to 26.7% [2]. Despite some progress in the
diagnosis and treatment of sepsis, its incidence continues
to rise year by year. Studies have shown that 40% to 60%
of sepsis patients will develop acute lung injury (ALI) or
acute respiratory distress syndrome (ARDS) due to
damage to alveolar epithelium or pulmonary endothelium,
leading to the accumulation of inflammatory edema fluid
in the alveolar space [3]. The main manifestations of this
include respiratory distress, hypoxemia, and pulmonary

inflammatory response but also triggers multiple organ
dysfunction syndrome (MODS), creating a vicious cycle
and becoming an important cause of death in sepsis
patients [4]. Currently, the clinical treatment of sepsis-
related lung injury mainly includes infection control, fluid-
restrictive  resuscitation, lung-protective ventilation,
glucocorticoid therapy, enteral nutritional support, and
other treatments [5]. However, sepsis-induced lung injury
is complex and life-threatening, involving various
pathophysiological mechanisms, including inflammation,
oxidative stress, cell apoptosis, and ferroptosis, with
abnormal activation of multiple signaling pathways [6].
Understanding the mechanisms of sepsis-related lung
injury and exploring effective and diverse therapeutic
methods are of great significance for clinical diagnosis and
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treatment. Chinese medicine, as a distinctive traditional
medical system in China, has been widely recognized for
its remarkable efficacy in treating critical and life-
threatening conditions. This article summarizes recent
research on the effective components of Traditional
Chinese medicine in treating sepsis-induced lung injury
through regulation of relevant signaling pathways (Table
1 summarizes these mechanisms) and provides a reference
for the treatment and research of sepsis-related lung injury
and other critical conditions.

1 Toll-like Receptor 4 (TLR4)/Nuclear Factor
Kappa B (NF-kB) Signaling Pathway

Sepsis is characterized by uncontrolled inflammatory
responses, including a cytokine storm. Inflammatory cells
accumulate and infiltrate lung tissue, leading to excessive
production of reactive oxygen species (ROS) and free
radicals, which activate strong oxidative stress and
inflammatory responses, causing lung tissue damage.
During sepsis, TLR4 recognizes pathogen-associated
molecular patterns (PAMPs) and damage-associated
molecular patterns (DAMPs), which activate downstream
signaling pathways, resulting in the nuclear translocation
of NF-«B and the massive release of inflammatory factors.
These inflammatory factors further recruit immune cells,
leading to damage of alveolar epithelial cells, increased
vascular permeability, and subsequent lung injury [7]. In
terms of treatment, inhibiting TLR4 signaling and NF-kB
activation can alleviate inflammation and oxidative stress
responses [8]. The TLR4/NF-kB signaling pathway plays
a crucial role as a key regulator of the innate immune
system in the pathological process of septic lung injury.

Xu et al. [9] found that baicalin (from Radix
Scutellariae) can inhibit TLR4/NF-kB pathway activation,
promote the transformation of regulatory T cells
(Treg)/helper T cells 17 (Thl7) balance towards Treg,
reduce serum tumor necrosis factor a (TNF-o),
interleukins (IL-6, IL-17), malondialdehyde (MDA) levels
in lung tissue, and upregulate serum transforming growth
factor-p (TGF-B) levels, thus alleviating lung tissue
pathological injury in septic mice and repairing lung
function. Huang et al. [10] found that Ganoderma lucidum
polysaccharide can improve septic rat lung injury by
inhibiting the TLR4/NF-xB signaling pathway, reducing
TLR4, phosphorylated p65 (p-p65)/p65 protein expression
in lung tissue, and the levels of related inflammatory
factors in bronchoalveolar lavage fluid. Sun er al. [11]
found that polydatin (from Polygonum cuspidatum) can
alleviate thickening of the alveolar walls, edema, and
inflammatory cell infiltration in septic ALI rats, protect
lung function, and may be associated with the inhibition of
the high mobility group box 1 (HMGB1)/TLR4/NF-kB
signaling pathway activation. Kim et al. [12] found that
procyanidin B2 can reduce the expression of TLR4/NF-xB
in septic mice, increase the expression of phosphoinositide
3-kinase (PI3K)/protein kinase B (PKB)/Akt, inhibit the
Hippo signaling pathway and Rho GTPases (Rho)/Yes-
associated protein (YAP) signaling pathway, significantly

reduce the levels of inflammatory cytokines such as IL-1(,
granulocyte-macrophage colony-stimulating factor (GM-
CSF), interferon-y (IFN-y), and TNF-a in serum, as well as
IL-5 and IL-6 in lung tissue, controlling the cytokine storm
caused by excessive immune system activation and
protecting lung tissue. Zhu et al [13] found that
schizandrin B (from Fructus Schisandrae Chinensis) can
directly bind to MyDS88, regulate lipopolysaccharide-
induced inflammatory factors in macrophages, inhibit key
signaling mediators and pro-inflammatory factors such as
transforming growth factor-p-activated kinase 1 (TAK1),
mitogen-activated protein kinase (MAPK), and NF-«B.
schizandrin B pretreatment of septic lung injury mice can
reduce lung inflammatory cell infiltration and improve
lung injury.

2 MAPK-Related Signaling Pathways

In sepsis, pathogens or toxins can activate the MAPK
signaling pathway through multiple pattern recognition
receptors, participating in the onset and development of the
disease via inflammatory responses, oxidative stress, and
apoptosis. c-Jun N-terminal kinase (JNK), p38 MAPK, and
extracellular signal-regulated kinase (ERK) are three
important branches of this pathway [14]. In septic lung
injury, activation of JNK and p38 MAPK can induce
excessive expression of pro-inflammatory cytokines such as
TNF-a and IL-1pB, further exacerbating the inflammatory
cascade, leading to the infiltration of inflammatory cells in
the lung tissue, and disrupting the barrier function of
pulmonary endothelial cells and alveolar epithelial cells.
Over-activation of JNK can promote apoptosis of lung cells
by phosphorylating downstream pro-apoptotic proteins,
resulting in a decrease in the number of parenchymal cells
and causing lung dysfunction. Activation of p38 MAPK can
enhance reduced nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase activity, increasing ROS
production, which affects the redox balance in the lungs. The
oxidative stress response further exacerbates lung tissue
damage, leading to pulmonary edema and congestion, which
affects the normal structure and function of the lungs. ERK
can act bidirectionally in septic lung injury; moderate
activation may contribute to cell survival and repair, while
excessive activation may indirectly aggravate lung injury
through pro-inflammatory responses.

Liu et al. [15] found that paeoniflorin (from Radix
Paeoniae Rubra or Radix Paeoniae Alba) combined with
luteolin could reduce the production of ROS, NO, TNF-a,
IL-6, and IL-1B in RAW264.7 cells stimulated by
lipopolysaccharides, decrease the levels of inflammatory
factors and oxidative stress, and downregulate the
expression of MAPK and NF-«kB pathway proteins,
thereby alleviating septic ALIL. Gao et al. [16] reported that
crocin (from Croci stigma) significantly inhibited the
p38MAPK/NF-kB pathway, reducing pro-inflammatory
cytokines IL-1pB, TNF-a, IL-6, and IL-10 levels, and exerts
anti-apoptotic effects through the Bcl-2/ BCL2-associated
X (Bax) signaling pathway, protecting liver, kidney, and
lung damage, and improving survival in septic mice.
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Zhang et al. [17] discovered that loganin (from Strychni
semen) inhibits the ERK/NF-kB pathway in septic lung
injury mice, effectively suppressing the release of M1
macrophage-related pro-inflammatory factors and NLRP3
inflammasomes, while promoting the activation of M2
anti-inflammatory cytokines, alleviating lung structural
damage and inflammatory cell infiltration, and improving
the survival rate of mice. Wang et al. [18] found that
pseudoephedrine and emodin combined therapy for septic
ALI significantly inhibited NF-xB and MAPK
phosphorylation, reduced serum levels of inflammatory
cytokines IL-1P, TNF-a, IL-6, inducible nitric oxide
synthase (iNOS), and increased the levels of anti-
inflammatory cytokines IL-10 and Arg-1, promoting M2
polarization and inhibiting M1 polarization through the
vasoactive intestinal peptide (VIP)/cyclic adenosine
monophosphate (cAMP)/protein kinase A (PKA) signaling
pathway, improving lung tissue damage.

3 NOD-like Receptor Family Pyrin Domain
Containing protein (NLRP)3/Caspase-1
Signaling Pathway

During sepsis, PAMPs and DAMPs activate the NLRP3
inflammasome, recruiting pro-caspase-1 to form a
functional complex. Activated caspase-1 cleaves pro-IL-
1B and pro-IL-18 into their mature forms, IL-1f and IL-18,
which are then released extracellularly, triggering a strong
inflammatory response [19]. Meanwhile, caspase-1
cleaves gasdermin D (GSDMD) protein, leading to
pyroptosis and further release of inflammatory factors and
cellular contents, exacerbating lung tissue damage [20].
Additionally, the NLRP3/caspase-1 pathway promotes
neutrophil infiltration, increases vascular permeability, and
induces apoptosis of alveolar epithelial cells, worsening
pulmonary edema and disruption of the alveolar barrier
[21]. ROS, K* efflux, and lysosomal rupture are key
signals in NLRP3 activation. Inhibiting the
NLRP3/caspase-1 pathway may alleviate septic lung injury,
providing a potential therapeutic target.

Xie et al. [22] found that syringin could alleviate lung
tissue pathological damage and structural impairment in
septic rats by downregulating the NLRP3/caspase-1
signaling pathway, reducing serum IL-6 and IL-17 levels,
inhibiting inflammation and pyroptosis, and mitigating
lung injury in septic rats. Sun et al. [23] discovered that
asperuloside could downregulate the NLRP3/caspase-
1/GSDMD pathway activity, reducing serum IL-6, IL-8,
and IL-1P levels, as well as the expression of NLRP3,
caspase-1, and GSDMD proteins in lung tissue, thereby
alleviating inflammatory damage and pyroptosis in lung
tissue cells, and improving lung function in rats.

4 PI3K/AKkt Signaling Pathway
The PI3K/Akt signaling pathway plays a complex

role in septic pulmonary injury, primarily influencing the
disease progression by regulating inflammation, apoptosis,

oxidative stress, and endothelial barrier function. In the
early stages of sepsis, activation of the PI3K/Akt pathway
has a protective effect: it reduces the release of pro-
inflammatory factors (such as TNF-a and IL-6) by
inhibiting NF-kB activation, thereby alleviating the
inflammatory response. Meanwhile, Akt inhibits the
apoptosis of alveolar epithelial and endothelial cells by
phosphorylating pro-apoptotic proteins (such as BAD) and
upregulating anti-apoptotic proteins (such as Bcl-2),
maintaining lung tissue integrity [24]. In addition, the
PI3K/Akt pathway promotes the expression of antioxidant
genes like heme oxygenase-1 (HO-1) and superoxide
dismutase (SOD) by activating the nuclear factor erythroid
2-related factor 2 (Nrf2) pathway, mitigating oxidative
stress damage to lung tissue. Regarding endothelial barrier
protection, the PI3K/Akt pathway enhances endothelial
barrier function by regulating the cytoskeleton and tight
junction proteins, reducing pulmonary edema and vascular
leakage. However, in the later stages of sepsis or with
excessive activation of the PI3K/Akt pathway, it may
worsen lung injury by inhibiting autophagy or promoting
immune suppression [25]. Therefore, intervention
strategies targeting the PI3K/Akt pathway (such as Akt
activators or mTOR modulators) could provide new
directions for treating septic pulmonary injury.

Qin et al. [26] found that andrographolide can
promote autophagy in alveolar macrophages through the
RAGE/PI3K/Akt/mTOR pathway, inhibit the activation of
the NLRP3 inflammasome, release of pro-inflammatory
factors, and pyroptosis, playing an anti-inflammatory and
lung-protective role. The RAGE pathway may be the direct
target for andrographolide in regulating autophagic
response. Xie et al. [27] explored the protective
mechanism of Wengingyin against septic pulmonary injury,
and found that Wengingyin regulates the RAGE and
PI3K/Akt pathways to reduce the levels of TNF-a, IL-6,
and IL-1B in lipopolysaccharide-induced RAW264.7
macrophages, inhibiting pro-inflammatory cytokines and
the infiltration of macrophages and neutrophils, alleviating
sepsis-induced lung injury. Baicalin, coptisine, and
paconiflorin may be the effective components of
Wengingyin that inhibit RAGE.

5 Nrf2/HO-1 Signaling Pathway

When sepsis happened, a large number of
inflammatory factors are released, and oxidative stress
levels increase, causing lung tissue damage. Under normal
conditions, Nrf2 binds with Kelch-like ECH-associated
protein 1 (Keapl) and is in an inactive state. However, in a
septic environment, oxidative stress products and other
stimuli cause Nrf2 to dissociate from Keapl, and the free
Nrf2 enters the nucleus, binds to the antioxidant response
element (ARE), and initiates the transcription of
downstream genes, including HO-1 [28]. HO-1 catalyzes
the breakdown of heme to produce CO, biliverdin, and iron
ions. CO has anti-inflammatory and vasodilatory effects,
while biliverdin and its reduced product bilirubin are
potent antioxidants that neutralize free radicals, alleviating
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oxidative stress damage to lung tissue [29]. At the same
time, HO-1 also regulates inflammatory cytokines,
inhibiting excessive activation of inflammation, thereby
mitigating lung injury caused by sepsis and playing a
significant role in maintaining the normal structure and
function of lung tissue.

Tang et al. [30] found that ferulic acid could inhibit
ferroptosis in alveolar epithelial cells of septic ALI mice
by activating the Nrf2/HO-1 pathway, reducing the levels
of glutathione peroxidase 4 (GPX4) in lipopolysaccharide-
induced MLE-12 cells, and downregulating the expression
of tight junction proteins such as ZO-1, occludin, and
claudin-1, improving alveolar epithelial dysfunction and
alleviating sepsis-induced ALIL Feng et al. [31] found that
cynaroside could inhibit lipopolysaccharide-induced
macrophage polarization to the M1 phenotype and
promote anti-inflammatory M2 polarization, upregulating
Nrf2 and its downstream HO-1 in damaged organs,
reducing IL-1p and TNF-a levels in serum, suggesting that
cynaroside can modulate the Nrf2/HO-1 pathway to
improve the systemic inflammatory response in septic
mice and significantly reduce pathological damage in the
heart, lungs, and kidneys of mice. Lai et al. [32] found that
uridine activates the Nrf2 signaling pathway, upregulating
the expression of ferroptosis biomarkers such as solute
carrier family 7 member 11 (SLC7A11), GPX4, and HO-1,
and inhibiting the expression of the lipid synthesis gene
acyl-CoA synthetase long-chain family member 4
(ACSL4), indicating that uridine can inhibit macrophage
ferroptosis, reduce inflammation, decrease tissue iron
levels and lipid peroxidation, and improve lung injury in
septic mice. Bajgai et al. [33] found that naringin, a widely
found ingredient in Traditional Chinese medicine, can
regulate  many  signaling pathways such as
MAPK/Nrf2/HO-1, by downregulating pro-inflammatory
M1 macrophage polarization while enhancing anti-
inflammatory M2 polarization, counteracting endogenous
mediators, reducing the production of inflammatory
cytokines, exerting anti-inflammatory, anti-apoptotic, and
antioxidant effects, and preventing sepsis-induced lung
injury.

6 Conclusion

Sepsis-induced lung injury is a localized
manifestation of systemic inflammatory response in the
lungs and is one of the most common complications of
sepsis. Its pathogenesis is complex, involving
inflammation, oxidative stress, cell pyroptosis, autophagy,
ferroptosis, and other factors. As the inflammatory
response in sepsis spreads, the lungs, as an organ with high
blood flow and rich microcirculation, become the main
target for attack by inflammatory factors and immune cells.
Inflammatory factors directly damage alveolar epithelial
cells and vascular endothelial cells, compromising the
integrity of the alveolar-capillary barrier, leading to
increased vascular permeability. Plasma proteins and
fluids infiltrate into the alveolar interstitium and alveolar
lumen, forming pulmonary edema and severely affecting

gas exchange function. Cell apoptosis, pyroptosis, and
ferroptosis play important roles in the terminal stage of
lung injury. Apoptosis of alveolar epithelial and
endothelial cells leads to alveolar structural damage and
barrier function loss, while pyroptosis activates
inflammasomes, releasing large amounts of inflammatory
factors, aggravating the inflammatory response.
Ferroptosis, through lipid peroxidation and iron
metabolism disorder, further damages the cell membrane
structure and function.

This article summarizes the signaling pathways that
play a major regulatory role in septic pulmonary injury
based on recent studies and explores the mechanisms
through which active ingredients from Traditional Chinese
medicine regulate these pathways to treat septic pulmonary
injury, aiming to provide reference for the mechanistic
study and clinical treatment of septic pulmonary injury. By
reviewing various studies, it is evident that among the
active ingredients of Traditional Chinese medicine
involved in this article, flavonoids, polyphenols,
phenylpropanoids, and cyclic ether terpenoids are most
common, primarily  exerting  anti-inflammatory,
antioxidant stress, and inhibiting cell pyroptosis and
autophagy. The signaling pathways involved in each
mechanism are not isolated but are intertwined and interact
with each other, forming a complex network of pathways
that jointly regulate the disease progression of septic
pulmonary injury.

Chinese medicine demonstrates a unique role in
regulating septic pulmonary injury-related signaling
pathways and therapeutic targets, but its specific molecular
mechanisms still need further exploration. For example,
how active ingredients from Traditional Chinese medicine
interact with target proteins, how they influence the
expression and activity of downstream signaling molecules,
and how different signaling pathways interact to regulate
disease progression. Given the numerous signaling
pathways related to septic pulmonary injury, this article
does not cover them all comprehensively. Future research
could further expand the exploration of Traditional
Chinese medicine in regulating these pathways and
therapeutic targets, conducting studies on the regulation
mechanisms of different types of herbal monomers and
their active ingredients on key signaling pathways,
systematically constructing a multi-dimensional research
system of " Traditional Chinese medicine-target proteins-
signaling pathways-biological effects," deeply elucidating
the molecular mechanisms of Traditional Chinese
medicine in regulating septic pulmonary injury, and
identifying significantly effective herbal ingredients.
Additionally, the optimization of Chinese medicine
prescriptions and the in-depth exploration of the multi-
component, multi-target, and multi-pathway
characteristics of Chinese medicine formulas in the
treatment of septic pulmonary injury should be carried out
to tap into their therapeutic potential and advantages,
providing new drug options and treatment strategies for
clinical treatment of septic pulmonary injury.
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Tab.1 Summary of the mechanism of active components of Traditional Chinese medicine regulating signal pathways related to sepsis-
induced lung injury

Effective components

Classification of Traditional Signal pathway Mechanism of action Referelslce
Chinese medicine
. . Promote the transformation from Treg/Th17 balance towards Treg,
Flavonoids baicalin TLR4/NF-«B, PI3K/Akt reduce TNF-g, IL-6, IL-17, and MDA, and upregulate TGF-B [9,27]
Downregulate the pro-inflammatory M1  polarization of
naringin MAPK/Nrf2/HO-1 macrophages while enhancing the anti-inflammatory M2 [33]
polarization
. Reduce the levels of reactive oxygen species, nitric oxide, TNF-a,
luteol MAPK, NF-xB 1
uteoln 2 IL-6, and IL-1B [13]
D lati f HMGBI, TLR4 NF-xB p65 mRNA
Polyphenols polydatin HMGB1/TLR4/NF-kB ownregulation of HMGBI, » and NF-cB p65 mRNA and |,
protein expression
rocvanidin B2 TLR4/NF-xB,  PI3K/Akt, Reduce the levels of inflammatory cytokines, including serum IL- [12]
y Hippo, Rho/YAP 1B, GM-CSF, IFN-y, and TNF-a
Phenylpropanoids syringin NLRP3/caspase-1 Reduce serur-n levels of IL-6, IL-8, and IL1B to inhibit cell [22]
pyroptosis
Reduce the level of GPX4 in MLE-12 cells induced by
ferulic acid Nrf2/HO-1 lipopolysaccharide, and downregulate the expression of tight [30]
junction proteins ZO-1, occludin, and claudin-1
Inhibit the release of M1 macrophage-related pro-inflammatory
Iridoid Glycosides loganin ERK-NF-xB factors and NLRP3 inflammasome, and induce the activation [17]
of M2 anti-inflammatory cytokines
asperuloside NLRP3/caspase-1/GSDMD  Reduce serum levels of IL-6, IL-8, and IL1f [23]
Monoterpenoid o Reduce the levels of reactive oxygen species, nitric oxide, TNF-a,
fl MAPK, NF-kB, PI3K/Akt 15,2
Glycosides L O - NEOEU IL-6, and IL-1B [15.27]
Inhibit the activation of NLRP3 inflammasome, the release of pro-
Diterpenoids andrographolide RAGE/PI3K/Akt/mTOR inflammatory factors, and pyroptosis, and promote autophagy [26]
of alveolar macrophages
7 R th i f TLR4 - teins in 1
Polysaccharides GanodermaA lucidum TLRA/NF-xB edu(j‘e e expression o and p-p65/p65 proteins in lung [10]
polysaccharide tissue of septic rats
Lignans schizandrin B TLR4/NF-kB Directly binds to MyD88, inhibiting TAK1, MAPKs, and NF-kB [13]
Carotenoids crocin p38MAPK/NF-kB, Bcl- Reduce the levels of pro-inflammatory cytokines IL-1f3, TNF-o, IL- [16]
2/Bax 6, and IL-10
. MAPK, NF-kB, Promote M2 polarization, inhibit M1 polarization, and reduce the
Alkaloi h 1
aloids pseudocphedrine VIP/cAMP/PKA levels of IL-1, TNF-a, IL-6, and iNOS in serum (18]
Anthraquinones - MAPK, NF-kB, Promote M2 polarization, inhibit M1 polarization, and reduce the (18]
q VIP/cAMP/PKA levels of IL-1pB, TNF-a, IL-6, and iNOS in serum
Inhibit macrophage polarization towards the M1 phenotype,
Cyanogenides cynaroside Nrf2/HO-1 promote anti-inflammatory M2 polarization, and reduce the [31]
levels of IL-1P and TNF-a in serum
. - Upregulate the expression of SLC7A11, GPX4, and HO-1, and
Nucleosides uridine Nrf2/HO-1 inhibit the expression of ACSLA4 [32]
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mTOR & FAE 2F i 76 5 W3 2406 1 s, 9046 NLRP3 R A/ MA 1)
S AR R T I B IBCR A T, R BT R ORI O 4 P T
RAGE 3 8% P RE /2 5035 N TR IR [ 5 S 7 B BT 5 . Xie
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Tab.1 Summary of the mechanism of active components of traditional Chinese medicine regulating signal pathways related to sepsis-

induced lung injury
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