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Sepsis-associated encephalopathy (SAE) is a complex pathophysiological characteristics and severe

common neurological complication in patients with sepsis,
which is generally underappreciated clinically yet has an
incidence rate as high as 70% in intensive care units [1].
This disease presents marked heterogeneous clinical
manifestations ranging from mild disturbance of
consciousness to deep coma, and is correlated with
elevated in-hospital mortality risk in patients [2]. More
than half of surviving patients develop persistent cognitive
dysfunction, severely impairing their long-term prognosis
and quality of life [3]. Existing pathological studies have
demonstrated that the pathogenesis of SAE involves
complex pathological processes including
neuroinflammation, mitochondrial dysfunction and
impaired integrity of the blood-brain barrier (BBB) [4];
nevertheless, its specific molecular and cellular
mechanisms remain to be further elucidated. Given its

clinical consequences, SAE has become a crucial scientific
issue urgently needing to be solved in critical care
medicine.

Currently, the clinical treatment strategies for SAE
are still dominated by non-specific supportive therapies,
and a precise targeted therapeutic system has not yet been
established. The mainstream therapeutic regimens mainly
include infection control and organ function supportive
treatment, which exert limited effects on inhibiting
neuroinflammatory cascade reactions and promoting nerve
repair [5]. Clinical studies have revealed that even after
standardized anti-infective therapy and comprehensive
organ function supportive care, the long-term incidence of
cognitive dysfunction remains high among SAE patients
[6]. Such therapeutic bottlenecks are closely associated
with the pathophysiological heterogeneity of SAE,
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manifested as substantial individual differences in the
characteristics of neuroinflammatory responses, the degree
of BBB integrity damage and the status of mitochondrial
dysfunction. In recent years, innovative breakthroughs
have been made in the field of SAE treatment, and a variety
of cutting-edge therapeutic strategies have shown broad
prospects for clinical application [7]. These novel therapies
are characterized by multi-target synergistic effects
targeting the core pathogenic mechanisms of SAE,
reflecting the translational significance of basic research
findings into clinical practice.

1 Research on Intervenable Targets of SAE
1.1 Microglial Polarization and Astrocyte Activation

The neuroinflammatory mechanism underlying SAE
is primarily attributed to the abnormal activation of
microglia and astrocytes. Accumulating evidence indicates
that microglia undergo M1/M2 phenotypic polarization
throughout the entire course of sepsis. M1-type microglia
are characterized by secreting pro-inflammatory factors
such as tumor necrosis factor-a (TNF-a)) and interleukin-
1 (IL-1B), whereas M2-type microglia exert
neuroprotective effects [8]. A study conducted by Jiang et
al. [9] confirmed that pathological activation of these glial
cells is closely linked to the occurrence and progression of
cognitive dysfunction in SAE patients.

1.2 Blood-Brain Barrier Disruption

Impaired BBB integrity constitutes another core
pathogenic mechanism of SAE. Accumulated studies have
indicated that inflammatory factors in the peripheral
circulation damage the BBB via dual mechanisms during
sepsis  progression:  directly  injuring  cerebral
microvascular endothelial cells and inducing the
disintegration of tight junction structures. At the molecular
level, activated endothelial cells markedly downregulate
the expression of tight junction proteins occludin and
claudin-5, and facilitate leukocyte infiltration, which
collaboratively exacerbates BBB dysfunction [10-11].
Dynamic observational research adopting advanced
photoacoustic microscopy has verified that abnormal BBB
permeability is significantly correlated with morphological
alterations of cerebral microvessels in septic mice models
[12]. Such barrier destruction allows peripheral
inflammatory mediators and neurotoxic substances to
penetrate the BBB and enter the brain parenchyma, leading
to direct neuronal injury.

1.3 Cholinergic Pathway

Current studies have demonstrated that a7 nicotinic
acetylcholine receptor (a7nAChR), a core molecule in the
cholinergic anti-inflammatory pathway, plays a pivotal
role in neural and immune regulation. Vagus nerve

activation can inhibit excessive microglial activation and
overproduction of pro-inflammatory cytokines via
a7nAChR. Dysfunction of this pathway results in
imbalanced inflammatory regulation and aggravates
neuropathological damage in SAE [13].

1.4 Mitochondrial Dysfunction and Oxidative Stress

Mitochondrial dysfunction is a key link in the
pathogenesis of SAE. Systemic inflammatory responses
induced by sepsis and cerebral tissue hypoxia impair
mitochondrial oxidative phosphorylation and trigger
excessive reactive oxygen species generation [14].
Persistent oxidative stress directly induces neuronal
damage and exacerbates neuroinflammation through
activating the NLRP3 inflammasome. Experimental data
have proven that abnormal release of mitochondrial DNA
activates microglia, forming a vicious pathological cycle
between oxidative stress and neuroinflammation [15].
Mitochondrial dysfunction also disturbs neurotransmitter
synthesis and impairs synaptic plasticity, which are closely
correlated with cognitive deficits in SAE patients [9].

2 Emerging Therapeutic Strategies
2.1 Mesenchymal Stem Cell (MSCs) Therapy

2.1.1 Basic Research of MSCs

Numerous recent studies have confirmed that MSCs
exert multi-target therapeutic effects against SAE. A study
by Ma LX et al. [16] revealed that umbilical cord-derived
MSC:s effectively suppress the activation of nuclear factor-
kB (NF-kB) signaling pathway and markedly reduce the
expression levels of pro-inflammatory factors including
IL-6, IL-1B, TNF-a and high mobility group box 1 protein.
Mechanistically, activation of the phosphoinositide 3-
kinase (PI3K)/protein kinase B (AKT) signaling pathway
is essential for MSCs to exert neuroprotective functions.
This pathway alleviates neuroinflammation, inhibits
neuronal apoptosis and facilitates tissue repair [17].
Moreover, conditioned medium secreted by MSCs notably
ameliorates anxiety-like behaviors in SAE model animals
via paracrine effects.

2.1.2 Efficacy Verification

Multiple animal experiments have validated the
therapeutic  potential of MSCs for SAE. In
lipopolysaccharide-induced SAE  mouse  models,
intervention with umbilical cord-derived MSCs obviously
alleviates cerebral cortical neuronal injury and suppresses
cellular apoptosis. Morris water maze tests demonstrated
that cognitive dysfunction was significantly improved in
MSCs-treated SAE mice [18]. In cecal ligation and
puncture (CLP)-induced septic rat models, MSCs
intervention relieves acute-phase clinical manifestations,
and peripheral transplantation improves long-term
cognitive function in convalescent experimental animals
[19]. Cumulative experimental evidence indicates that
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MSCs treatment maintains BBB structural integrity in
surviving septic mice, inhibits excessive astrogliosis and
neuroinflammation, and promotes the recovery of
cognitive function and behavioral ability [20].

2.2 Molecular Hydrogen Therapy

2.2.1 Basic Research of Molecular Hydrogen

As a promising medical gaseous molecule, molecular
hydrogen exerts multi-mechanistic neuroprotective effects
in SAE. Its neuroprotective mechanisms are mainly
reflected in three aspects: first, molecular hydrogen
modulates mammalian target of rapamycin signaling
pathway to regulate microglial polarization, restraining
pro-inflammatory M1 polarization and facilitating anti-
inflammatory M2 phenotypic transformation [21]; second,
the BBB-protective effect of molecular hydrogen has been
validated, which is closely associated with peroxisome
proliferator-activated receptor o activation and subsequent
upregulation of ABC efflux transporter expression [22];
third, molecular hydrogen effectively inhibits NLRP3
inflammasome activation and mitigates
neuroinflammation via activating nuclear factor erythroid
2-related factor 2 signaling pathway [23].

2.2.2 Experimental Evidence of Antioxidant and Anti-
Apoptotic Effects

A series of animal experiments have confirmed the
antioxidant and anti-apoptotic properties of molecular
hydrogen. In CLP-induced SAE models, inhalation of 67%
high-concentration hydrogen alleviates mitochondrial
dysfunction by promoting mitochondrial biogenesis and
regulating mitochondrial dynamic balance, thereby
maintaining neuronal energy metabolism [24]. At the
molecular level, hydrogen efficiently scavenges oxygen
free radicals, markedly reduces abnormal tau protein
hyperphosphorylation, and further improves resultant
cognitive impairment [25].

2.3 Regulation Therapy Targeting Cholinergic Anti-
Inflammatory Pathway

2.3.1 Basic Research of Vagus Nerve Stimulation

As the key anatomical foundation of the cholinergic
anti-inflammatory pathway, the vagus nerve establishes an
intact neuro-immune regulatory network via bidirectional
afferent sensory and efferent motor fibers. Peripheral
inflammatory mediators specifically activate vagal
afferent fibers, transmit inflammatory signals to the central
nervous system and trigger corresponding anti-
inflammatory cascades. Animal model studies have proven
that electrical stimulation of vagal efferent fibers or
pharmacological specific activation of a7nAChR
efficiently inhibits the secretion of pro-inflammatory
cytokines [26]. Research by Goggins et al. [27] indicated
that the anti-inflammatory effects of the vagus nerve are
mainly mediated by norepinephrine release and a7nAChR
signaling pathway-mediated regulation of macrophage

functions. In recent years, non-invasive transcutaneous
auricular vagus nerve stimulation has shown prominent
translational medical prospects in clinical intervention for
neurological diseases [28].

2.3.2 a7nAChR Agonists

a7nAChR serves as the core regulatory molecule of
the cholinergic anti-inflammatory pathway, and decreased
a7nAChR expression has been confirmed to be involved
in sepsis pathogenesis [29]. Selective a7nAChR agonist
GTS-21 exhibits dual effects of inhibiting pro-
inflammatory factor release and protecting organ functions
in various disease models, and alleviates inflammatory
lesions such as acute lung injury via modulating splenic
macrophage functions [30]. In SAE-related research,
berberine has been verified to ameliorate glucose
metabolism disorder through activating o7nAChR-
dependent cholinergic anti-inflammatory pathways [31].
2.3.3 Targeted Intervention of Neuro-Immune
Regulatory Network

Accumulated studies have illustrated that the
cholinergic  anti-inflammatory  pathway forms a
sophisticated  neuro-immune  regulatory  network
consisting of the vagus nerve, acetylcholine, nicotinic
acetylcholine receptors, spleen and splenic nerves [32].
Notably, basal forebrain cholinergic neurons exert anti-
inflammatory effects during sepsis progression, including
suppressing  hippocampal  neuroinflammation  and
improving baroreceptor-mediated heart rate regulation
[33]. In SAE animal models, acetylcholinesterase inhibitor
huperzine A enhances cholinergic neurotransmission
efficiency, facilitates hippocampal neuronal functional
recovery and synaptic plasticity reconstruction, and
relieves memory dysfunction [34].

2.4 Traditional Chinese Medicine Therapy

2.4.1 Pharmacological Research on Active Ingredients
of Traditional Chinese Medicine

A large number of pharmacological studies have
demonstrated that numerous traditional Chinese medicines
and their active ingredients are effective for SAE treatment.
Herbs including honeysuckle, coptis chinensis and
phellodendron chinense exert anti-SAE effects by
regulating key inflammatory factors such as TNF-o and IL-
6 [35]. Flavonoids extracted from euphorbia helioscopia
possess dual neuroprotective effects in SAE animal models,
which suppress excessive microglial activation and
ameliorate mitochondrial dysfunction simultaneously [36].
Resveratrol, the major active component of polygonum
cuspidatum, treats SAE via regulating the p38 MAPK
pathway mediated by miR-370-3p [37]. Modern
pharmacological studies have revealed that traditional
Chinese medicine polysaccharides intervene in the
pathological progression of SAE by regulating the
interaction between intestinal flora and the immune system
[38]. Nevertheless, multiple scientific challenges remain in
exploring the pharmacodynamic material basis of complex
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compound traditional Chinese medicines; the specific
molecular targets and network regulatory mechanisms of
clinically effective agents such as indigo naturalis still
require further clarification [39]. The application of
artificial intelligence has opened up new avenues for
elucidating the synergistic mechanisms of multi-
component traditional Chinese medicines, and
computational methods based on data mining and
molecular docking can effectively predict the interaction
patterns between active herbal ingredients and SAE-
related targets [40].

2.4.2 Proprietary Chinese Patent Medicines

Traditional Chinese medicine presents unique
advantages in clinical intervention of SAE, and its multi-
target regulatory mechanisms are complementary to
modern precision medicine concepts. Animal experiments
have verified that ginkgo biloba extract improves cognitive
function in SAE mice by downregulating hippocampal
Bax expression, upregulating B-cell lymphoma-2
expression and reducing hippocampal TNF-o and IL-6
levels [41]. Systematic reviews have confirmed that
combined application of Xuebijing injection and
conventional western medicine achieves synergistic
effects, which effectively reduces mortality and improves
neurological functional prognosis in SAE patients [42].
Current clinical practice indicates that proprietary Chinese
medicines intervene in core pathological links of SAE
including neuroinflammation, oxidative stress injury and
BBB dysfunction via multi-dimensional regulatory
strategies [43].

2.5 Exploration of Other Innovative Therapies

2.5.1 Biomaterial-Assisted Drug Delivery Systems
Breakthrough progress has been achieved in the
application of biomedical materials for SAE treatment.
Novel biomaterials with precisely controllable drug
delivery systems enable targeted release of neuroprotective
drugs, and the integration of photothermal and
magnetothermal therapy provides innovative strategies for
SAE management. Research by Song et al. [44] confirmed
that multifunctional nanomaterials such as gold
nanoparticles inhibit neuroinflammation via dual
mechanisms and  significantly alleviate cerebral
dysfunction in septic animal models. Biomaterials with
multi-tissue regenerative properties can precisely regulate
local and systemic mechanical parameters, constructing an
optimized microenvironment for nerve tissue repair.

2.5.2 Microbiome Intervention Strategies

Intestinal microbiota dysbiosis plays a critical role in
the pathophysiological progression of SAE and is regarded
as a promising therapeutic intervention target. Clinical
observations reveal that the intestinal flora composition of
SAE patients is characterized by marked oral flora ectopia,
and such microbial ecological disturbance is significantly
correlated with gastrointestinal symptoms and central
nervous system inflammation [45]. Therapeutic strategies

based on microbiota-metabolite axis regulation, including
probiotic/prebiotic supplementation and fecal microbiota
transplantation, have been proven to alleviate
neuroinflammation by reshaping intestinal
microecological balance [46]. Meanwhile, short-chain
fatty acids, key signaling molecules mediating gut-brain
bidirectional communication derived from intestinal
commensal bacteria, exhibit obvious dose-dependent
correlations with the severity of neuroinflammation in
SAE patients [47]. Furthermore, the neuro-immune-
microbiome interaction network constructed by vagal
pathways, gut-derived neuropeptides and microbial
metabolites exerts vital regulatory effects on the initiation
and progression of SAE [48].

3 Summary and Prospect

The field of sepsis research has witnessed growing
application of multi-omics technologies in recent years,
among which combined genomic and transcriptomic
analysis dominates, followed by integrated genomic and
proteomic research models. The adoption of multi-omics
integration strategies enables researchers to systematically
dissect the molecular regulatory networks of SAE; for
instance, the construction of gene-metabolite-phenotype
composite networks facilitates the identification of core
metabolic regulatory nodes in acute lung injury research.
Multi-dimensional integrated analytical approaches
combining proteomics, metabolomics data and organoid
models provide novel research directions for clarifying the
biological functions of specific molecular pathways in
SAE pathogenesis [49].

In conclusion, the integration of multi-omics
technologies and clinical data has brought novel ideas and
methodologies for the research and treatment of SAE.
Further optimization of the clinical application strategies
of emerging therapies is expected to break through existing
therapeutic bottlenecks and improve the prognosis of SAE
patients. Future studies should continue to explore the
molecular mechanisms of SAE and develop individualized
therapeutic regimens to address this major challenge in
critical care medicine.
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Abstract: Sepsis-associated encephalopathy (SAE) is a common neurological complication in sepsis, with an incidence
rate of 70% in the intensive care unit, and approximately half of the patients suffer from long-term cognitive dysfunction.
Currently , clinical treatment mainly focuses on anti-infection and supportive therapy , lacking specific intervention
measures targeting core pathological processes such as neuroinflammation, blood-brain barrier disruption, mitochondrial
dysfunction, and oxidative stress. This study systematically reviews the latest progress in the treatment of cognitive
dysfunction in SAE and its transition from basic research to clinical practice, providing new strategies for the clinical
treatment plan of SAE.
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