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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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Sepsis-associated encephalopathy (SAE) is a 

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 

complex pathophysiological characteristics and severe 

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-α (TNF-α) and interleukin-

1β (IL-1β), 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 α7 nicotinic 

acetylcholine receptor (α7nAChR), 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 

α7nAChR. 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 

MSCs effectively suppress the activation of nuclear factor-

κB (NF-κB) signaling pathway and markedly reduce the 

expression levels of pro-inflammatory factors including 

IL-6, IL-1β, TNF-α 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 α 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 α7nAChR 

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 α7nAChR 

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 α7nAChR Agonists 
α7nAChR serves as the core regulatory molecule of 

the cholinergic anti-inflammatory pathway, and decreased 

α7nAChR expression has been confirmed to be involved 

in sepsis pathogenesis [29]. Selective α7nAChR 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 α7nAChR-

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-α 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-α 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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脓毒症相关性脑病（sepsis⁃associated encephalo⁃
pathy，SAE）是脓毒症患者常见的神经系统并发症，

临床关注度普遍不足，但其在重症监护病房的发病

率高达70%［1］。这种疾病的临床表现呈显著异质性，

可从轻度意识障碍至深昏迷不等，且与患者住院期

间死亡风险升高有关［2］。超过半数存活患者会留下

持久性认知功能障碍，严重影响患者的预后及生活

质量［3］。现有的病理学研究表明，SAE的发病机制包

含神经炎症、线粒体功能障碍以及血脑屏障（blood⁃
brain barrier，BBB）完整性受损等复杂病理过程［4］，但

其具体分子与细胞机制仍有待进一步阐明，由于其复

杂的病理生理学特征以及严重的临床后果，SAE 已成

为重症医学领域亟待攻克的关键科学问题。

目前对于 SAE的临床治疗方案，仍以非特异性

支持治疗为主，尚未形成精准靶向治疗体系，现有的

治疗模式主要是控制感染与器官功能支持治疗，但

在抑制神经炎症级联反应、促进神经修复等方面效

果有限［5］。临床研究显示，即使进行了规范的抗感染

治疗以及全面的器官功能支持治疗，SAE患者认知功

能障碍的远期发生率仍居高不下［6］。这一治疗瓶颈

与 SAE病理生理的异质性密切相关，具体表现为个

体间神经炎症反应的特点、BBB完整性受损的程度以

及线粒体功能异常的状态存在显著差异。近年来，

SAE治疗领域取得了创新突破，多种前沿治疗策略展

现出广阔的临床应用前景［7］。这些创新疗法的共同

特点是针对 SAE关键病理机制的多靶点协同作用，

体现了基础研究成果向临床实践转化的意义。

1 SAE的可干预靶点研究

1.1 小胶质细胞极化与星形胶质细胞活化 SAE的

神经炎症病理机制主要与小胶质细胞和星形胶质细

胞异常激活相关。研究表明，在脓毒症整个病程中，

小胶质细胞可发生 M1/M2 表型极化，其中M1型的特

点是分泌肿瘤坏死因子⁃α（tumor necrosis factor⁃α，
TNF⁃α）、白细胞介素⁃1β（interleukin⁃1β，IL⁃1β）等促

炎因子，而M2 型则发挥神经保护作用［8］。Jiang等［9］

的研究证实，这些神经胶质细胞的病理性激活与SAE
患者认知功能障碍的发生发展紧密相连。

1.2 BBB破坏 SAE的另一核心病理机制为BBB完

整性受损。有研究指出，在脓毒症的病理进程中，外

周循环中的炎症因子通过双重机制破坏BBB：一方面

直接损害脑微血管内皮细胞，另一方面致使紧密连

接结构解体，从分子水平分析发现，活化的内皮细胞

可显著下调紧密连接蛋白 occludin和 claudin⁃5表达，

同时促进白细胞浸润，协同加重BBB功能障碍［10-11］。

一项运用先进光声显微镜技术展开的动态观察研究

证实，脓毒症模型小鼠的BBB通透性异常与其脑微

血管形态学改变有明显关联［12］。这种屏障功能的破

坏致使外周循环中的炎症介质以及神经毒性物质可

穿透BBB进入脑实质，直接损伤神经元。

1.3 胆碱能通路 现有研究表明，α7烟碱型乙酰胆

碱受体（α7 nicotinic acetylcholine receptors，α7nAChR）
作为胆碱能抗炎通路中的核心分子，在神经与免疫调

控过程中发挥着关键作用。迷走神经的活化可借助

α7nAChR对小胶质细胞的异常活化以及促炎细胞因

子的过度释放起到抑制作用，该通路功能异常时，可导

致炎症调控失衡，加重SAE的神经病理损伤［13］。

1.4 线粒体功能障碍与氧化应激 线粒体功能异常

是 SAE 发病机制中的关键环节，脓毒症所诱发的系

统性炎症反应以及脑组织缺氧状况，可损伤线粒体

氧化磷酸化功能，导致活性氧过量生成［14］。这种持

续的氧化应激，会对神经元产生直接损伤，并通过激

活 NLRP3 炎症小体加重神经炎症。实验结果表明，

线粒体 DNA 异常释放可激活小胶质细胞，形成氧化

应激与神经炎症相互促进的病理循环［15］。线粒体功

能障碍还可干扰神经递质合成，损害突触可塑性，这

些变化与SAE患者出现的认知功能障碍有关［9］。

2 新兴疗法

2.1 间充质干细胞（mesenchymal stem cells，MSCs）
治疗研究

2.1.1 MSCs的基础研究 近年来开展的诸多研究

已经证实，MSCs对 SAE 具有多靶点治疗效应。马礼

秀等［16］研究显示，来自脐带的MSCs可有效地抑制核

因子⁃κB（nuclear factor⁃κB，NF⁃κB）信号通路的激活，

并可显著降低 IL⁃6、IL⁃1β、TNF⁃α以及高迁移率族

蛋白B1等促炎因子的表达水平。机制上，磷酸肌醇

3⁃激酶（phosphoinositide 3⁃kinase，PI3K）/蛋白激酶 B
（protein kinase B，AKT）信号通路的激活是MSCs发挥

神经保护功能的关键途径，此通路可减轻神经炎症反

应，还可抑制神经元凋亡并且促进损伤修复［17］，MSCs
分泌的条件培养基通过旁分泌显著改善 SAE 模型动

物的焦虑样行为。

2.1.2 疗效验证 多项实验证实MSCs对 SAE 具有

治疗作用。在脂多糖诱导的 SAE小鼠模型中，脐带

来源MSCs干预后，大脑皮层神经元损伤明显减轻，

细胞凋亡过程也受到抑制；Morris 水迷宫实验显示，

MSCs治疗组的 SAE小鼠认知功能障碍显著改善［18］。
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在盲肠结扎穿刺（cecal ligation and puncture，CLP）诱

导的脓毒症大鼠模型中，MSCs干预有效缓解了急性

期临床症状，外周移植可改善恢复期实验动物的长

期认知功能［19］。多项实验证据说明，MSCs治疗能维

持脓毒症存活小鼠BBB结构完整性，抑制星形胶质

细胞异常增生和神经炎症反应，促进认知功能和行

为能力恢复［20］。

2.2 分子氢疗法研究

2.2.1 分子氢的基础研究 研究显示，分子氢作为

一种有潜在临床应用价值的医用气体分子，在 SAE
神经保护中具有多重作用机制，从分子机制角度剖

析，其神经保护效应主要体现在以下三个方面：其

一，分子氢可借助调控哺乳动物雷帕霉素靶蛋白信号

通路，对小胶质细胞的极化状态产生影响，抑制促炎

M1型极化，并推动向抗炎M2型极化的转变［21］；其二，

分子氢对BBB的保护作用已得到证实，这与过氧化物

酶体增殖物激活受体α的激活以及由其介导的ABC外

排转运蛋白表达上调存在紧密联系［22］；其三，借助激活

核因子E2相关因子 2信号通路，分子氢可有效抑制

NLRP3炎症小体的活化，减轻神经炎症反应［23］。

2.2.2 抗氧化与抗凋亡作用的实验证据 多项动物

实验研究结果显示，分子氢呈现出抗氧化特性以及

抑制细胞凋亡的作用，在 CLP诱导的 SAE模型中，

67%高浓度氢气吸入可有效缓解线粒体功能异常，其

作用机制包括促进线粒体生物合成以及调控线粒体

动力学平衡，以此来维持神经元的能量代谢［24］。从

分子层面进行分析，氢气可依靠高效清除氧自由基，

明显降低 tau蛋白异常磷酸化的程度，改善因此引发

的认知功能障碍［25］。

2.3 胆碱能抗炎通路调节治疗研究

2.3.1 迷走神经刺激的基础研究 迷走神经作为胆

碱能抗炎通路的关键神经解剖学基础，借助其双向

的感觉传入以及运动传出通路，构建起了完整的神

经-免疫调控网络。现有证据表明，外周炎症介质可

特异性地激活迷走神经的传入纤维，进而将炎症信

号传递至中枢神经系统，触发相应的抗炎级联反

应。一项动物模型研究表明，运用电刺激手段激

活迷走神经传出纤维，或者凭借药理学方法特异性

激动α7nAChR，可有效抑制促炎细胞因子的分泌［26］。

Goggins等［27］的研究显示，迷走神经的抗炎效应主要依

靠其释放的去甲肾上腺素及α7nAChR信号通路对巨

噬细胞功能的调控。近年来发展起来的经皮耳迷走

神经刺激技术，因其非侵入性的特点，在神经系统疾

病的临床干预中呈现出了重要的转化医学前景［28］。

2.3.2 α7nAChR激动剂 α7nAChR作为胆碱能抗炎

通路的核心调控分子，其表达水平降低已被证实与脓

毒症的病理机制相关［29］。研究显示，选择性α7nAChR
激动剂GTS⁃21在多种疾病模型中都呈现出抑制促炎

因子释放以及保护器官功能的双重作用，借助调节

脾脏巨噬细胞的功能状态，α7nAChR激动剂能有效

缓解急性肺损伤等炎症性病变［30］。在 SAE的研究

中，小檗碱被证实可借助激活α7nAChR依赖的胆碱

能抗炎途径来改善葡萄糖代谢紊乱［31］。

2.3.3 神经-免疫调控网络的靶向干预 当前已有

研究指出，胆碱能抗炎通路借助迷走神经、乙酰胆

碱、烟碱型乙酰胆碱受体、脾脏以及脾神经等多种成

分构建起了一套精细的神经免疫调控网络［32］。需要

注意的是，基底前脑胆碱能神经元在脓毒症的病理

进程中呈现出抗炎效应，其作用机制包括对海马区

神经炎症反应的抑制以及对压力感受器介导的心率

调节功能的改进［33］。在 SAE动物模型中，乙酰胆碱

酯酶抑制剂石杉碱甲依靠提升胆碱能神经递质传递

效率，可促进海马神经元功能恢复以及突触可塑性

重建，缓解记忆功能障碍［34］。

2.4 中医药治疗研究

2.4.1 中药有效成分药理学研究 近年来，大量药

理学研究表明，诸多中药或其有效成分可用于治疗

SAE。研究显示，像金银花、黄连、黄柏这类药材，通过

调节TNF⁃α、IL⁃6等关键炎症因子，呈现出抗SAE的作

用［35］。泽漆中提取的黄酮类化合物，被证实对SAE动

物有双重神经保护功效，可有效抑制小胶质细胞的

异常活化，又可减轻线粒体功能障碍［36］。虎杖的有

效活性成分白藜芦醇可以通过miR⁃370⁃3p调控 p38
MAPK通路治疗SAE［37］。现代药理学研究表明，中药

多糖类成分可依靠调控肠道菌群与免疫系统的相互

作用起到干预SAE病理进程的作用［38］。然而中药复

方复杂成分体系的药效物质基础研究仍存在不少科学

难题，像临床疗效确切的青黛等药物，其具体分子靶点

以及网络调控机制有待阐明［39］。人工智能技术的运用

为解析中药多组分协同作用机制开拓了新路径，基于

数据挖掘和分子对接的计算方法可有效预测中药活性

成分与SAE相关靶点的相互作用模式［40］。

2.4.2 中成药治疗 中医药在 SAE的临床干预方面

有着独特之处，其多靶点调控机制能与现代精准医

学理念相互补充。一项动物实验证明，银杏叶提取

物可通过下调海马Bax和上调B细胞淋巴瘤因子2表
达，降低海马TNF⁃α和 IL⁃6含量，改善 SAE小鼠的认

知功能［41］。系统评价研究证明，血必净注射液和常规
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西药联合使用可产生协同作用，在降低SAE患者病死

率以及改善神经功能预后方面成效明显［42］。当前临床

实践表明，中成药治疗方案主要针对 SAE发病过程

中的神经炎症反应、氧化应激损伤以及BBB功能障

碍等核心病理环节展开多维度干预［43］。

2.5 其他创新疗法探索

2.5.1 生物材料辅助药物递送系统 近年来，生物

医学材料在 SAE治疗这一领域有了突破性的成果。

研究显示，利用精确控制药物递送系统的新型生物

材料可实现神经保护药物的靶向释放，同时光热以

及磁热治疗技术的融合为SAE治疗提供创新性的策

略。Song等［44］的研究证明，如金纳米颗粒这类多功

能纳米材料凭借双重作用机制可有效抑制神经炎症

反应，明显减轻脓毒症模型动物的脑功能障碍症

状。拥有多组织再生特性的多种生物材料可精准调

控局部与系统的机械性能参数，为神经组织修复营

造出优化的微环境条件。

2.5.2 微生物组干预策略 肠道微生物群落失调在

SAE的病理生理进程中发挥着关键作用，并被视为有

很大潜力的治疗干预目标。临床观察可发现，SAE患

者肠道菌群的组成呈现出显著的“口腔菌群异位”特

点，这种微生物生态紊乱模式和消化道症状以及中

枢神经系统炎症反应存在显著相关性［45］。以微生

物-代谢轴调控为基础的治疗策略，像益生菌/益生

元补充疗法以及粪便微生物移植技术，已被证实可

通过重新塑造肠道微生态平衡来减轻神经炎症反

应［46］。同时，肠道共生菌代谢产物短链脂肪酸作为

肠-脑双向通信的关键信号分子，其水平变化和SAE患

者神经炎症的严重程度有明显的剂量依赖性关系［47］。

此外，由迷走神经通路、肠源性神经肽以及微生物代

谢产物共同构建而成的神经-免疫-微生物组交互网

络，在 SAE的发生发展过程中起着极为关键的调控

作用［48］。

3 总结与展望

当前脓毒症研究领域出现了多组学技术应用增

长的态势，基因组学与转录组学联合分析方法处于

主导地位，其次是基因组学与蛋白质组学相结合的

研究模式，运用多组学整合策略，研究者可以系统剖

析SAE的分子调控网络，比如在急性肺损伤研究中，

基于基因-代谢物-表型复合网络的构建可有效辨认

关键代谢调控节点。结合蛋白质组学、代谢组学数

据与类器官模型的多维度整合分析方法，为阐明特

定分子通路在SAE发病机制中的生物学功能提供了

新的研究思路［49］。

总之，多组学技术与临床数据的整合为 SAE的

研究和治疗提供了新的思路和方法。通过进一步优

化新兴疗法的临床应用策略，有望突破现有治疗瓶

颈，改善 SAE患者的预后。未来的研究应继续探索

SAE的分子机制，开发个体化治疗方案，以应对这一

重症医学领域的重大挑战。
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