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摘要  甲基苯丙胺（METH）属于苯丙胺类中枢兴奋剂，是一类以精神依赖为主的新型合成毒品，长期滥用可产生显

著的神经毒性并形成药物依赖，已成为全球性的重大公共卫生问题。METH 可以激活小胶质细胞产生炎症反应，但作

用机制尚未阐明。本文系统综述 METH 诱发小胶质细胞炎症的核心发生机制，重点阐述多巴胺-谷氨酸能紊乱、

TLR4/NF-κB 经典炎症通路、sigma-1 受体调控在神经炎症中的关键作用；全面梳理褪黑素、姜黄素、天麻素、大麻二

酚等天然药物，以及甜菜碱、二甲双胍等化学药物的抗炎干预效应与作用靶点；同时总结运动干预、重复经颅磁刺

激、针灸等非药物治疗手段的研究进展。现有研究证实，靶向抑制小胶质细胞过度活化、阻断关键炎症信号通路、降

低氧化应激水平并抑制炎症因子释放，可有效缓解 METH 诱发的神经炎症并改善神经损伤。本文旨在为进一步阐明

METH诱发的神经炎症机制，以及药物、非药物干预的相关研究提供参考。   

关键词  甲基苯丙胺；神经炎症；小胶质细胞；机制；治疗  
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Research progress on the mechanisms and treatment of methamphetamine-induced 

microglial inflammation 

QIN Lixiang1 , 2 , TIAN Yan1 , CHEN Bingzheng1 , SONG Chunhui1 , LIU Zhiwei2 , ZHU Fangcheng2 , ZHAO Yongna1
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Shijun1  

（1. NHC Key Laboratory of Drug Addiction Medicine, School of Forensic Medicine, Kunming Medical University, Kunming 650500, China. 2. 
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442000） 

Abstract   Methamphetamine, an amphetamine-type central nervous system stimulant, is a synthetic drug characterized 

primarily by strong psychological dependence. Long-term methamphetamine abuse causes severe neurotoxicity and dependence. 

Methamphetamine abuse has become a major global public health concern. Studies have shown that methamphetamine activates 

microglia and induces inflammatory responses, but the underlying mechanisms have not been fully elucidated. This paper 

systematically reviews the main mechanisms of methamphetamine-induced microglial inflammation, focusing on the pivotal 

roles of dopaminergic and glutamatergic dysregulation, the canonical Toll-like receptor 4/nuclear factor-κB inflammatory 

pathway, and sigma-1 receptor-mediated regulation of neuroinflammation. It comprehensively summarizes the anti-

inflammatory effects and therapeutic targets of natural compounds, including melatonin, curcumin, gastrodin, and cannabidiol,  

as well as other agents such as betaine and metformin. Research advances in nonpharmacological interventions including 

exercise therapy, repetitive transcranial magnetic stimulation, and acupuncture are also reviewed. Targeted inhibition of 

excessive microglial activation, blockade of key inflammatory signaling pathways, and reduction of oxidative stress and 
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inflammatory mediator release have been demonstrated to alleviate methamphetamine-induced neuroinflammation and nerve 

damage. This review aims to provide a reference for further research on the mechanisms of methamphetamine -triggered 

neuroinflammation, and related pharmacological and nonpharmacological interventions.  

Key words   methamphetamine; neuroinflammation; microglia; mechanism; therapy 

甲基苯丙胺（methamphetamine，METH）是一种合成兴奋剂，其诱发发的小胶质细胞炎症反应表

现为促炎、抗炎标志物同步变化的混合炎症状态[1]，大量研究证实，METH 可诱发小胶质细胞 M1 激

活，促使肿瘤坏死因子 ⁃α（ tumor necrosis factor-α，TNF⁃α）、白细胞介素 ⁃1β（ interleukin-1β，

IL⁃1β）、白细胞介素⁃6（interleukin-6，IL⁃6）等炎症因子表达与释放水平升高，进而介导神经退行性

损伤[2]。然而，其确切分子机制、关键信号通路调控网络以及有效干预靶点仍未完全阐明，临床上仍

缺乏靶向性强、安全性高的干预与治疗手段。基于此，本文围绕 METH 诱发小胶质细胞炎症的发生机

制、关键信号转导通路、药物干预与非药物治疗的研究进展进行系统综述，旨在明晰 METH 相关神经

炎症的调控规律，为深入揭示 METH 神经毒性机制、开发靶向抗炎与成瘾戒断治疗策略、推动临床转

化应用提供理论依据与研究参考。 

1  METH诱发小胶质细胞产生炎症 

神经炎症最初被定义为需同时满足 4 个炎症特征：促炎性细胞因子释放、神经胶质细胞激活、继

发性细胞死亡和免疫细胞浸润。目前已经放宽到满足一个炎症特征即可定义为神经炎症 [3]。METH 具

有神经毒性并可诱发神经退行性病变 [4]，表现为能诱发小胶质细胞激活产生神经炎症 [5]，且伴随强烈

的精神症状及体征[6-8]。研究发现青少年时期接触 METH 诱发的神经炎症会持续延续到成年阶段[9]。

此外，METH 还可与人类免疫缺陷病毒协同作用，显著加剧神经炎症[10]。小胶质细胞是大脑中主要的

常驻免疫细胞，在神经炎症进展中发挥着重要作用，其特点是胶质细胞特异性蛋白表达量增加、细胞

体过度增大，有时也会发生细胞增殖和迁移[11]。研究发现，METH 滥用人群血液中炎症因子白细胞介

素⁃18、IL-6 及 TNF⁃α 明显增加[12,13]，METH 给药后导致大鼠脑组织和血清中炎症因子表达均增加，

并诱发大鼠认知缺陷[14]。有学者在体外小胶质细胞株、小鼠及人尸检脑组织样本中证实，METH 可诱

发小胶质细胞活化、上调炎症因子表达，该效应与 Toll 样受体 4（Toll-like receptor 4，TLR4）通路有

关[15]；抑制 METH 引起的神经炎症在减轻 METH 诱发的认知障碍和神经退行病变方面显示出较好前

景[16]，为改善 METH 使用障碍（methamphetamine use disorder，MUD）提供了潜在治疗策略。值得一

提的是，低剂量 METH 存在双向效应，短期低剂量 METH 干预小鼠的相关实验可能得到相反结

论[17]。 

2  METH诱导小胶质细胞发生炎症的机制研究 

2.1 多巴胺（dopamine，DA）及谷氨酸（glutamate，Glu）能途径在 METH诱发小胶质细胞炎症中的

作用 

METH 可穿过血脑屏障（blood brain barrier，BBB）并诱发 TNF-α 表达增加[18,19]，其机制为诱发

DA、5-羟色胺和去甲肾上腺素的释放，引起 DA 耗竭[20]。此外，释放的 DA 被氧化生成毒性醌类物

质，通过氧化应激、线粒体功能障碍，伴随过氧化物自由基和过氧化氢生成，导致突触前膜损伤；线

粒体能量代谢的损伤增加了神经炎症反应[21]。已有研究证明，METH 通过促进 DA 和 Glu 过表达进而

诱发神经炎症[22,23]，代谢型 Glu 受体 3 的激活能够减弱药物寻求行为和/或改善认知功能[24]；但 Glu 积

累可过度激活 Ca2 +内流相关的多条下游信号转导通路，细胞中 Ca2 +超载会激活蛋白激酶、磷酸酶以

及一氧化氮合酶，并促进 NO 产生。过量的 NO 可诱发内质网（endoplasmic reticulum，ER）应激并最

终导致 METH 引起神经毒性[25]。细胞外调节蛋白激酶（extracellular regulated protein kinases，ERK）

是一种代表性激酶，在调节 DA 和 Glu 介导的神经元损伤过程中具有重要作用[26]。另有研究证明，

METH 可抑制细胞内吞作用[27]，增加某些大脑区域中 ERK 磷酸化的激活[28]，激活后，ERK 会引起环

磷酸腺苷反应元件结合蛋白（cAMP response element-binding protein，CREB）磷酸化，并增加 N-甲基
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-D-天冬氨酸受体 2B 亚基、磷酸化 ERK、磷酸化 CREB 和脑源性神经营养因子（brain-derived 

neurotrophic factor，BDNF）的释放[29]，该过程是推动神经系统炎症发生的重要环节。 

2.2  TLR/NF-κB信号通路在 METH诱发的小胶质细胞炎症中的作用 

TLR4 是一种可以激活髓样分化因子 88（myeloid differentiation primary response 88，MyD88）依

赖性和 MyD88 非依赖性途径的受体，METH 介导神经炎症与小胶质细胞活化及 TLR4 有关[30]。在

MyD88 依赖性途径中，MyD88 激活 TNF⁃α 受体相关因子 6、白介素 1 受体相关激酶，进而诱发核因

子κB（nuclear factor-κB，NF-κB）活化[31]。在 MyD88 非依赖性途径中，通过激活 TRIF 相关衔接

子分子和干扰素调节因子 3，促使γ-干扰素发挥作用[32]；此过程也同样可激活 NF-κB，但其激活时相

晚于 MyD88 依赖性途径[33]。此外，采用 TAK-242（TLR4 的特定抑制剂）或小干扰 RNA 分别抑制

TLR4 功能、下调 TLR4 表达，对 METH 诱发胶质细胞产生的炎症有明显的减轻作用[34]，进一步证实

TLR4 信号通路对 METH 介导的神经炎症具有重要的调控作用。 

2.3  σ1受体（sigma-1 receptor，Sig-1R）在 METH诱发的小胶质细胞炎症中的作用 

Sig-1R 是一种 ER 伴侣蛋白，在大脑中广泛表达且对 METH 具有高亲和力[35]。Sig-1R 与 METH

引起的神经毒性和炎症反应密切相关，可通过调节钙稳态、活性氧（reactive oxygen species，ROS）

生成、ER 和线粒体功能等多种机制参与神经炎症过程[36,37]。研究表明，Sig-1R 主要通过激活丝裂原

活化蛋白激酶（mitogen-activated protein kinase，MAPK）和磷脂酰肌醇 3-激酶/蛋白激酶 B 信号通

路[38]，而 MAPK 通路与 NF-κB 炎症通路之间存在紧密交叉调控关系[39-41]。此外，采用 Sig-1R 拮抗

剂 SN79 预处理，可减少 METH 诱导的分化簇 68、离子钙结合衔接分子 1 及促炎性细胞因子家族成员

的 mRNA 水平上调，提示 Sig-1R 干预能够抑制小胶质细胞活化，减轻 METH 相关的神经炎症[42]。 

3 药物治疗 METH诱发小胶质细胞炎症的研究进展 

3.1 褪黑素可减弱 METH诱发的神经炎症 

褪黑素（melatonin, Mel）是松果体的主要分泌产物，可作为成瘾相关的生物标志物[43]，Mel 预处

理能够缓解 METH 诱导的大鼠小胶质细胞系的毒性，抑制 ROS 和活性氮的生成，并下调炎症因子 IL-

1β、IL-6 及 TNF-α 的表达[44]。Mel 预处理神经胶质瘤细胞系可有效激活核因子 E2 相关因子，逆转

METH 诱导的 NF-κB 活化。Mel 可上调血红素氧合酶 1、醌氧化还原酶 1、γ-谷氨酰半胱氨酸连接酶

催化亚基的表达，提高超氧化物歧化酶的抗氧化活性；同时可抑制 NF-κB 抑制蛋白α降解与 p65 亚

基核转位，降低一氧化氮合酶表达、减少 NO 生成，进而减轻神经炎症 [45,46]。此外，Mel 可保护

METH 损伤大鼠的 BBB 完整性，发挥与体外实验相似的抗炎作用 [47,48]。Mel 还可通过抑制

TLR4/MyD88/NF-κB 信号通路，抑制神经炎症并改善 METH 诱导的认知障碍[49]。综上，Mel 可通过保

护 BBB 完整性、抑制氧化应激、下调炎症因子表达等多条途径，减轻 METH 诱发的神经炎症。 

3.2 姜黄素减弱 METH诱发的神经炎症  

姜黄素（curcumin, Cur）可改善药物滥用介导的神经毒性，涉及多重调控机制，包括调节炎症细

胞因子、维持离子稳态、表观遗传调控、增强抗氧化能力、激活 CREB 以及调控 BDNF 信号传导途

径[50]。Cur 还可减轻脑水肿与神经元损伤，抑制各脑区的 BBB 泄漏，提升脑内 BDNF 和 DA 水平，从

而减轻 METH 诱导的神经毒性[51]。Cur 可通过抑制细胞凋亡、氧化应激及炎症反应发挥神经保护效

应，该效应可能依赖 CREB-BDNF 信号通路[52]。Cur 可显著抑制 METH 诱导的小胶质细胞活化，上调

超氧化物歧化酶、谷胱甘肽过氧化物酶水平，降低 TNF-α与丙二醛含量，并显著改善 METH 给药引

起的大鼠空间记忆障碍[53]。此外，胡椒碱和 Cur 纳米颗粒具有剂量依赖性的协同作用，可显著降低

METH 引起的小鼠大脑神经毒性、氧化应激及空间记忆障碍。综上，Cur 可单独用药或与其他药物联

用发挥抗炎及神经保护作用，其作用机制涵盖保护 BBB 完整性、抑制小胶质细胞活化、上调 BDNF

表达、抗氧化应激及调控炎症因子分泌等多个方面。 

3.3 天麻素减弱 METH诱发的神经炎症 

天麻(Gastrodia elata Blume, Gas )为兰科植物天麻的干燥块茎，其主要有效成分天麻素（对羟基苯
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甲醇-β-D 葡萄吡喃糖苷）具有改善认知、增强免疫、镇静催眠、抗癫痫、镇痛、神经保护、抗氧化及

抗炎等作用。Gas 可降低 METH 诱发的大鼠星形胶质细胞与神经元损伤、增强炎症因子 IL-6、TNF-α

的表达[54]。朱婷娜等[55,56]研究证实，不同剂量 Gas（10 mg/kg、30 mg/kg 和 100 mg/kg）干预可显著抑

制 METH 诱发的小胶质细胞活化，其中 30 mg/kg、100 mg/kg 剂量的抑制效果更为显著，Gas 能够剂

量依赖性降低 METH 依赖大鼠的条件位置偏爱（conditioned place preference，CPP）效应，改善

METH 成瘾相关行为，该效应与 TLR4/MyD88/NF-κB 信号通路密切相关。此外，Gas 减轻 METH 诱导

的小胶质细胞介导的神经炎症，还可能与 Akt、MAPK 等信号传导通路有关[57]。综上，Gas 可通过抑

制小胶质细胞活化、抗氧化应激、抑制炎症因子释放等途径发挥抗炎与神经保护作用。  

3.4 大麻二酚减弱 METH诱发的神经炎症 

大麻二酚（cannabidiol, CBD）是一种非精神活性大麻素，具有强大的抗炎和免疫抑制特性。

CBD 显著降低了 METH 给药引起的 IL-1β、IL-6、IL-10 及 TNF-α 等炎症因子升高，发挥抗炎及免疫

抑制效应[58]。已有研究证明，METH 可诱导小鼠刻板行为、空间记忆障碍、瞬时受体电位香草酸亚型

1 激活、Ca2+超载、细胞凋亡和氧化应激，而 CBD 预处理可减轻 METH 给药小鼠的上述损伤表现[59]。

此外，CBD 可抑制 METH 奖励记忆的获取和表达，显著降低 METH 诱发的 CPP 效应[60,61]，该作用机

制可能与多巴胺受体 D1（dopamine D1 receptor，D1R） [62]、D2R[63,64]、腺苷 A1 受体 [65]及 Sig-

1R/AKT/GSK-3β/CREB 信号通路[66]相关。有研究构建内源竞争 RNA 网络，揭示了 CBD 治疗 METH

诱发的 CPP 恢复和行为敏化的潜在机制 [67]；亦有研究表明，CBD 可抑制快速眼动睡眠剥夺，减轻

METH 诱发的 CPP 效应[68]。CBD 还可通过调节甲基 CpG 结合蛋白 2 和 DRD1 介导的 Ca2+信号通路磷

酸化，减轻 METH 诱发的神经毒性[69]。与此同时，CBD 可调控 DRD1-MECP2-BDNF-TRKB 信号通

路，抑制 METH 诱导的 DA 释放，进而减轻神经炎症[70]。另有研究证明，CBD 可作用于 TLR4/NF-κB

信号通路，对 METH 导致的神经功能减退、神经炎症及线粒体功能障碍起到干预效果  [71]。综上，

CBD 可通过调节 DA 受体、抑制小胶质细胞活化、上调 BDNF 表达、抗氧化、改善 Ca2+超载等多个途

径发挥其抗炎与神经保护作用。 

METH 诱导小胶质细胞介导的神经炎症是一个非常复杂的过程，多种兼具抗炎、抗氧化、抗凋亡

活性的中草药可通过不同信号通路缓解 METH 诱发的神经炎症。抗炎药物的作用机理同样错综复杂，

针对 METH 成瘾戒断，已有综述总结了部分具有治疗潜力的药物[72]。开展此类药物的临床试验及疗

效评价将是未来的重要研究方向。 

4 非药物治疗减弱 METH诱发的神经炎症 

4.1 运动对 METH诱发神经炎症的治疗作用 

运动干预和减少 METH 滥用之间存在潜在关联[73]。METH 给药导致小鼠自主活动增加并产生 CPP

效应[74]；而体育锻炼对 METH 诱发的神经炎症和神经发生损伤具有保护作用 [75]，还能够提升女性

METH 使用者的脑网络可塑性[76]。运动可以通过阻止 BBB 破坏，改善海马微环境紊乱并抑制炎症因

子升高，进而减轻 METH诱发的神经毒性[77]。跑步干预逆转了小鼠纹状体、海马和血清中急性 METH

引起的促炎细胞因子的增加，改善了小鼠抑郁焦虑行为，表明跑步的抗焦虑作用可通过减少小胶质激

活、调节炎症反应实现[78]。此外，急性有氧运动对 MUD 患者情绪记忆的特定阶段有显著影响[79]，特

别是在增强编码能力方面[80]；长期中强度运动可下调皮质、海马中 IL-1β、纹状体 IL-6，以及大脑皮

层、海马、纹状体 TNF-α 水平，而低强度运动干预效果相对有限，提示运动强度是调控 METH 小鼠

药物依赖行为及脑内炎症反应的重要因素[81,82]。强迫运动可作为非药物的神经保护剂，减轻 METH 慢

性暴露导致的大鼠认知能力下降，逆转丙二醛、TNF-α、IL-1β 升高以及超氧化物歧化酶、谷胱甘肽过

氧化物酶和谷胱甘肽还原酶活性降低，该保护效应可能与 p-CREB/BDNF 信号通路有关[83]。适当的运

动还可调控 NRF2 信号通路，发挥内源性抗氧化作用，减轻 METH 诱导神经炎症引起的各类损伤[84]。

脑转录组分析提示运动可改善 METH 导致的小鼠学习和记忆功能障碍[85]；代谢组学结果也证实，运

动干预与 METH 模型小鼠焦虑样行为、认知功能的改善密切相关[86]。由此可见，适宜强度的运动通
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过保护 BBB 完整性、抑制小胶质细胞活化、降低氧化应激水平，发挥抗炎作用，进而缓解 METH 所

致的神经毒性。 

4.2 经颅磁刺激减弱 METH诱发的神经炎症  

MUD 患者存在特征性的脑电图微状态模式 [87]，重复经颅磁刺激(repetitive transcranial magnetic 

stimulation, rTMS)是一种无痛、无创的绿色物理疗法，已应用于抑郁症、焦虑症、精神分裂症、帕金

森病等神经精神疾病的临床治疗，该疗法也被用于 MUD 患者的干预研究[88]。低频 rTMS 可下调大鼠

背外侧纹状体中γ-氨基丁酸 B 型受体亚基 1 的表达，同时阻断 METH 诱导 SD 大鼠产生 CPP 效应[89]；

高频 rTMS 作用于前额皮质，能够改善 MUD 患者的情绪与注意力水平[90]；间歇性 rTMS 爆发刺激对

METH 成瘾人群的执行功能具有较好的治疗效果[91]。此外，经颅直流电刺激可缓解 METH 诱导的神

经炎症；经颅聚焦超声在降低 METH 渴求、减少药物使用方面同样具备应用潜力。综上，不同频率

rTMS 及其他物理干预方式可发挥抗炎作用，减轻 METH 的神经毒性。 

4.3 针灸减弱 METH诱发的神经炎症  

针灸治疗疾病在我国已有 2000 多年历史，可用于治疗多种功能性疾病，包括药物滥用相关病

症[92]。研究发现，针灸可通过激活代谢型 Glu 受体 2/3，抑制伏隔核的 DA 释放，缓解 METH 诱导的

精神运动兴奋及奖赏相关情绪反应[93,94]。低频电针可显著缓解抑郁样行为和认知障碍，这可能与抑制

小胶质细胞激活和恢复 BBB 完整性有关[95]。此外，针灸和中草药联合干预可获得更佳疗效[96]。研究

显示，经皮穴位电刺激有效改善 MUD 患者的抑郁、焦虑和睡眠质量，降低戒断期药物渴求 [97]。综

上，针灸可通过抑制小胶质细胞活化、保护 BBB 完整性、抑制 DA 过度释放等途径发挥抗炎作用，减

轻 METH 介导的神经毒性。 

5 小结 

METH 滥用能够诱发小胶质细胞介导的神经炎症，而神经炎症在机体中又存在双重生物学效应：

低剂量 METH 诱导的炎症可作为机体适应性的防御反应，发挥一定保护作用；高剂量 METH 诱发的

炎症会引发机体炎症性细胞死亡，进一步加重 METH 神经毒性。因此，深入探究 METH 神经毒性与

炎症之间的相互作用，明确各类炎症调控通路与关键靶蛋白，围绕炎症核心靶点开展靶向药物筛选与

研发，能够为临床防控 METH 滥用、治疗成瘾提供全新思路与治疗策略。 

参考文献： 

[1] HOU Z, ZHANG X, YANG G, et al. Adenosine A2A Receptor Contributes to Bidirectional Remodeling of Microglial Inflammatory Responses 

During Methamphetamine Exposure [J]. International journal of molecular sciences, 2026, 27(11).  

[2] ZOU Y, ZHANG C, BIAN H, et al. Methamphetamine regulates microglial polarization and glycolytic activity to promote Parkinson's disease 

through the LIPH/LPA/PI3K/AKT signaling axis [J]. International immunopharmacology, 2026, 173(116306.  

[3] Estes M L, McAllister A K. Alterations in immune cells and mediators in the brain: it’s not always neuroinflammation! [J]. Brain Pathol, 2014, 

24(6): 623-630. 

[4] Lü M, Shen B, Wu Z, et al. Role of RET-regulated GDNF-GFRα1 endocytosis in methamphetamine-induced neurotoxicity [J]. IJMS, 2025, 

26(19): 9522. 

[5] Izuo N, Kusui Y, Nitta A. Microglia-mediated cognitive impairment induced by methamphetamine [J]. Nihon Yakurigaku Zasshi, 2025, 160(5): 

330-333. 

[6] Jiang L, Wang D, Tian Y, et al. Interactive effect of BDNF rs10835210 polymorphism and childhood maltreatment on cognitive fu nctioning in 

Chinese male patients with methamphetamine use disorder [J]. Eur Arch Psychiatry Clin Neurosci, 2025, 275(7): 2007 -2016. 

[7] Mahlberg J, Hanegraaf L, Zimmermann J, et al. Social cognition and decision -making in people with methamphetamine use disorder [J]. 

Addiction, 2025, 120(10): 2020-2031. 

[8] Kalin N H. Scientific advances relevant to schizophrenia, psychosis, and the treatment of methamphetamine use disorder [J]. A m J Psychiatry, 

2025, 182(9): 797-800. 

[9] Ito A, Usui N, Doi M, et al. Adolescent methamphetamine exposure drives neuroinflammation and aberrant neurogenesis linked to anxiety and 

cognitive impairments in adult mice [J]. Transl Psychiatry, 2025, 15(1): 364.  

[10] Tan Y, Miao L, Wang C, et al. The role and mechanism of TRIM13 regulation of TRAF6 ubiquitination in the synergy of inflammatory responses 

and neurotoxicity induced by METH and HIV- 1 tat protein in astrocytes [J]. Neurotox Res, 2025, 43(2): 21.  

[11] Lin C, Wang X. Microglia in drug addiction: a perspective from neuro immunopharmacology [J]. Zool Res, 2024, 45(3): 704-706. 

[12] Chaidee N, Kraiwattanapirom N, Pannengpetch S, et al. Cognitive impairment and changes of red blood cell components and serum  levels of 

IL-6, IL-18, and L-tryptophan in methamphetamine abusers [J]. Am J Neurodegener Dis, 2023, 12(1): 1-15. 

[13] Permpoonputtana K, Namyen J, Buntup D, et al. Association of cognitive impairment and peripheral inflammation in methamphetam ine-

dependent patients: a cross-sectional study on neuroinflammatory markers TNF-α and IL-6 [J]. Clin Psychopharmacol Neurosci, 2025, 23(2): 

234-245. 

[14] Acuña A M, Rodarte S E, Bickley S, et al. Methamphetamine produces behavioral flexibility deficits that are attenuated by COX -2 inhibition 



6 中国比较医学杂志 

 

in both male and female rats [J]. Addict Neurosci, 2025, 15: 100207. 

[15] Peng Y, Yang G, Wang S, et al. Triggering receptor expressed on myeloid cells 2 deficiency exacerbates methamphetamine -induced activation 

of microglia and neuroinflammation [J]. Int J Toxicol, 2024, 43(2): 165-176. 

[16] Jeffery N, Mock P Y, Yang K, et al. Therapeutic targeting of neuroinflammation in methamphetamine use disorder [J]. Future Med Chem, 2025, 

17(2): 237-257. 

[17] Zhaleh H, Amer Ridha A, Amini K. Low concentrations of methamphetamine can suppress inflammation in trophoblast JEG -3 cell line induced 

by nicotine [J]. Bratisl Lek Listy, 2020, 121(3): 225-229. 

[18] Yang H, Wang Y, Liu S, et al. Polysaccharide alleviates neurodegeneration and behavioral deficit by enhancing mitochondrial a utophagy in 

chronic methamphetamine mice [J]. Neurotoxicology, 2025, 107: 53-61. 

[19] da Silva M C M, de Oliveira A C P, Candelario-Jalil E, et al. The missing link: TNF-α as a unifying mechanism in methamphetamine-induced 

neuronal dysfunction and blood-brain barrier compromise [J]. J Neuroimmunol, 2025, 409: 578736.  

[20] Wood B J, Brackett E D, Hall N M, et al. 96-h methamphetamine self-administration elicits striatal dopamine depletion in male and female 

rats: a model of binge-like use [J]. Psychopharmacology, 2026, 243(1): 177-187. 

[21] Polvat T, Khuntawee W, Prasertporn T, et al. The potential mechanism of methamphetamine-induced mitochondrial dysfunction and cell 

degeneration via direct permeation across mitochondrial membranes: The study on molecular dynamics simulations and in vitro model [J]. 

Food Chem Toxicol, 2025, 206: 115743. 

[22] Kohno M, Link J, Dennis L E, et al. Neuroinflammation in addiction: a review of neuroimaging studies and potential immunother apies [J]. 

Pharmacol Biochem Behav, 2019, 179: 34-42. 

[23] Wang Y, Zhang L, Li J, et al. β2AR as a target in methamphetamine addiction: Divergent mechanisms from TAAR1 [J]. Cell Rep, 2025, 44(10): 

116337. 

[24] Modrak C G, Hámor P U, Schwendt M. Post-methamphetamine working memory decline predicts relapse vulnerability in rats and is rescued 

by mGlu3 receptor activation [J]. Psychopharmacology, 2026, 243(1): 157-175. 

[25] Wang C, Yang G, Huang J, et al. Methamphetamine and HIV-1 tat protein synergistically induce endoplasmic reticulum stress to promote 

TRIM13-mediated neuronal autophagy [J]. Mol Neurobiol, 2025, 62(5): 6150-6165. 

[26] Wang J, Liang M, Shang Q, et al. Psilocin suppresses methamphetamine-induced hyperlocomotion and acquisition of conditioned place 

preference via D2R-mediated ERK signaling [J]. CNS Neurosci Ther, 2023, 29(3): 831-841. 

[27] Shen B, Wu Z, Lv M, et al. Methamphetamine inhibits huntingtin-associated protein 1-mediated tyrosine receptor kinase B endocytosis 

resulting the neuroprotective dysfunction of brain-derived neurotrophic factor [J]. Toxicology, 2025, 511: 154047.  

[28] Son J S, Jeong Y C, Kwon Y B. Regulatory effect of bee venom on methamphetamine-induced cellular activities in prefrontal cortex and 

nucleus accumbens in mice [J]. Biol Pharm Bull, 2015, 38(1): 48-52. 

[29] Yang G, Li J, Peng Y, et al. Ginsenoside Rb1 attenuates methamphetamine (METH) -induced neurotoxicity through the 

NR2B/ERK/CREB/BDNF signalings in vitro and in vivo models [J]. J Ginseng Res, 2022, 46(3): 426-434. 

[30] Wang F, Liu H, Ke Y, et al. Ibudilast-mediated suppression of neuronal TLR4 in the prefrontal cortex mitigates methamphetamine -induced 

neuroinflammation and addictive behaviours [J]. Addctn Biol, 2025, 30(4): e70033. 

[31] Shen Y, Qin H, Chen J, et al. Postnatal activation of TLR4 in astrocytes promotes excitatory synaptogenesis in hippocampal ne urons [J]. J Cell 

Biol, 2016, 215(5): 719-734. 

[32] Brempelis K J, Yuen S Y, Schwarz N, et al. Central role of the TIR-domain-containing adaptor-inducing interferon-β (TRIF) adaptor protein 

in murine sterile liver injury [J]. Hepatology, 2017, 65(4): 1336-1351. 

[33] Liu X, Silverstein P S, Singh V, et al. Methamphetamine increases LPS-mediated expression of IL-8, TNF-α and IL-1β in human macrophages 

through common signaling pathways [J]. PLoS One, 2012, 7(3): e33822.  

[34] Du S H, Qiao D F, Chen C X, et al. Toll-like receptor 4 mediates methamphetamine-induced neuroinflammation through caspase-11 signaling 

pathway in astrocytes [J]. Front Mol Neurosci, 2017, 10: 409.  

[35] Hayashi T, Justinova Z, Hayashi E, et al. Regulation of sigma-1 receptors and endoplasmic reticulum chaperones in the brain of 

methamphetamine self-administering rats [J]. J Pharmacol Exp Ther, 2010, 332(3): 1054-1063. 

[36] Nguyen L, Lucke-Wold B P, Mookerjee S A, et al. Role of sigma-1 receptors in neurodegenerative diseases [J]. J Pharmacol Sci, 2015, 127(1): 

17-29. 

[37] Ruscher K, Wieloch T. The involvement of the sigma-1 receptor in neurodegeneration and neurorestoration [J]. J Pharmacol Sci, 2015, 127(1): 

30-35. 

[38] Chao J, Zhang Y, Du L, et al. Molecular mechanisms underlying the involvement of the sigma -1 receptor in methamphetamine-mediated 

microglial polarization [J]. Sci Rep, 2017, 7(1): 11540. 

[39] Zanassi P, Paolillo M, Feliciello A, et al. cAMP-dependent protein kinase induces cAMP-response element-binding protein phosphorylation 

via an intracellular calcium release/ERK-dependent pathway in striatal neurons [J]. J Biol Chem, 2001, 276(15): 11487-11495. 

[40] Lee M Y, Heo J S, Han H J. Dopamine regulates cell cycle regulatory proteins via cAMP, Ca 2 + /PKC, MAPKs, and NF-κB in mouse embryonic 

stem cells [J]. J Cell Physiol, 2006, 208(2): 399-406. 

[41] Chen J, Rusnak M, Lombroso P J, et al. Dopamine promotes striatal neuronal apoptotic death via ERK signaling cascades [J]. Eur J Neurosci, 

2009, 29(2): 287-306. 

[42] Robson M J, Turner R C, Naser Z J, et al. SN79, a sigma receptor ligand, blocks methamphetamine -induced microglial activation and cytokine 

upregulation [J]. Exp Neurol, 2013, 247: 134-142. 

[43] Yılmaz S, Kılıç N, Öner P, et al. The relationship between substance craving and melatonin levels in patients with methamphet amine use 

disorder [J]. J Psychiatric Res, 2026, 192: 214-218. 

[44] Tocharus J, Khonthun C, Chongthammakun S, et al. Melatonin attenuates methamphetamine-induced overexpression of pro-inflammatory 

cytokines in microglial cell lines [J]. J Pineal Res, 2010, 48(4): 347-352. 

[45] Jumnongprakhon P, Govitrapong P, Tocharus C, et al. Melatonin protects methamphetamine-induced neuroinflammation through NF-κB and 

Nrf2 pathways in glioma cell line [J]. Neurochem Res, 2015, 40(7): 1448-1456. 

[46] Wongprayoon P, Govitrapong P. Melatonin attenuates methamphetamine-induced neuroinflammation through the melatonin receptor in the SH-

SY5Y cell line [J]. Neurotoxicology, 2015, 50: 122-130. 

[47] Jumnongprakhon P, Govitrapong P, Tocharus C, et al. Melatonin promotes blood-brain barrier integrity in methamphetamine-induced 

inflammation in primary rat brain microvascular endothelial cells [J]. Brain Res, 2016, 1646: 182-192. 

[48] Namyen J, Permpoonputtana K, Nopparat C, et al. Protective effects of melatonin on methamphetamine -induced blood-brain barrier 

dysfunction in rat model [J]. Neurotox Res, 2020, 37(3): 640-660. 



秦理想等  甲基苯丙胺诱发小胶质细胞炎症的机制及治疗研究进展   7 

 

[49] Lwin T, Yang J L, Ngampramuan S, et al. Melatonin ameliorates methamphetamine-induced cognitive impairments by inhibiting 

neuroinflammation via suppression of the TLR4/MyD88/NFκB signaling pathway in the mouse hippocampus [J]. Prog Neuropsychopharmacol 

Biol Psychiatry, 2021, 111: 110109. 

[50] Soltaninejad M, Amleshi R S, Shabani M, et al. Unraveling the protective effects of curcumin against drugs of abuse [J]. Heli yon, 2024, 10(9): 

e30468. 

[51] Ottonelli I, Sharma A, Ruozi B, et al. Nanowired delivery of curcumin attenuate s methamphetamine neurotoxicity and elevates levels of 

dopamine and brain-derived neurotrophic factor [J]. Adv Neurobiol, 2023, 32: 385-416. 

[52] Gholami M, Hozuri F, Abdolkarimi S, et al. Pharmacological and molecular evidence of neuroprotective curcumin effec ts against biochemical 

and behavioral sequels caused by methamphetamine: possible function of CREB-BDNF signaling pathway [J]. Basic Clin Neurosci, 2021, 

12(3): 325-338. 

[53] Hadizadeh-Bazaz M, Vaezi G, Khaksari M, et al. Curcumin attenuates spatial memory impairment by anti-oxidative, anti-apoptosis, and anti-

inflammatory mechanism against methamphetamine neurotoxicity in male Wistar rats: Histological and biochemical changes [J]. 

Neurotoxicology, 2021, 84: 208-217. 

[54] 马晨丽，  杨根梦，  闫倩文，  等．  天麻素干预甲基苯丙胺依赖大鼠星形胶质细胞、神经元变化及炎性因子 IL-6、TNF-α的表达  

[J]．  昆明医科大学学报，  2018，  39（6）：  1-6． 

Ma C L, Yang G M, Yan Q W, et al. Expression of astrocyte, neuron, and proinflammatory cytokines derived from frontal cortex of 

methamphetamine dependent rats after gastrodin administration [J]. J Kunming Med Univ, 2018, 39(6): 1-6. 

[55] 朱婷娜，  刘鹏亮，  董文娟，  等．  不同剂量天麻素对甲基苯丙胺依赖大鼠条件位置偏爱及海马小胶质细胞激活的影响  [J]．  昆明

医科大学学报，  2021，  42（5）：  6-11． 

Zhu T N, Liu P L, Dong W J, et al. Effects of different doses of gastrodin  on conditioned place preference and microglia activation in 

hippocampus of methamphetamine dependent rats [J]. J Kunming Med Univ, 2021, 42(5): 6 -11. 

[56] 朱婷娜，  曹媛媛，  张园，  等．  不同剂量天麻素对甲基苯丙胺依赖 CPP 大鼠海马中 TLR4/MyD88/NF-κB 炎症信号通路的影响  

[J]．  昆明医科大学学报，  2023，  44（2）：  33-39． 

Zhu T N, Cao Y Y, Zhang Y, et al. Effects of different doses of gastrodin on TLR4/MyD88/NF-κB inflammatory signal pathway in hippocampus 

of methamphetamine dependent CPP rats [J]. J Kunming Med Univ, 2023, 44(2): 33 -39. 

[57] Li H, He Y, Wu Y, et al. Investigating the mechanism of gastrodin-regulated miR-128-3p in methamphetamine dependence via integrated 

pharmacology [J]. Medicine, 2025, 104(36): e44274. 

[58] Karimi-Haghighi S, Dargahi L, Haghparast A. Cannabidiol modulates the expression of neuroinflammatory factors in stress- and drug-induced 

reinstatement of methamphetamine in extinguished rats [J]. Addctn Biol, 2020, 25(2): e12740.  

[59] Shen B, Yang G, Lv M, et al. Cannabidiol attenuates methamphetamine-induced oxidative neurotoxicity via regulating transient receptor 

potential vanilloid type 1 [J]. Phytomedicine, 2025, 145: 157015. 

[60] Ezzati M J, Ezzati M R, Fattahi M, et al. Involvement of D2-like dopamine receptors within the ventral tegmental area in the cannabidiol ’s 

inhibitory effects on the methamphetamine-seeking behavior [J]. Physiol Behav, 2025, 293: 114845. 

[61] Umpierrez L S, Costa P A, Michelutti E A, et al. Cannabidiol but not cannabidiolic acid reduces behavioural sensitisation to methamphetamine 

in rats, at pharmacologically effective doses [J]. Psychopharmacology, 2022, 239(5): 1593-1603. 

[62] Danesh E, Saghafi M, Mozafari R, et al. D1-like dopamine receptors in the dentate gyrus mediate cannabidiol ’s facilitation of extinction and 

prevention of reinstatement in methamphetamine-induced conditioned place preference [J]. Pharmacol Biochem Behav, 2025, 256: 174094. 

[63] Azizbeigi R, Baharlouei N, Nazari-Serenjeh F, et al. Modulatory function of cannabidiol on the extinction and reinstatement of 

methamphetamine-seeking behavior through the D2-like dopamine receptors in the dentate gyrus [J]. Behav Brain Res, 2026, 497: 115882.  

[64] Omidiani S E, Mohammadi M, Seddighfar M, et al. Cannabidiol mechanism of action on modulating extinction and reinstatement of  

methamphetamine-seeking behavior: Targeting D2-like dopamine receptors in the hippocampus [J]. J Psychiatric Res, 2025, 189: 200 -210. 

[65] Jin S, Lin C, Li P, et al. Cannabidiol alleviates methamphetamine addiction via targeting ATP5A1 and modulating the ATP -ADO-A1R signaling 

pathway [J]. Acta Pharm Sin B, 2025, 15(10): 5261-5276. 

[66] Yang G, Liu L, Zhang R, et al. Cannabidiol attenuates methamphetamine-induced conditioned place preference via the Sigma1R/AKT/GSK-

3β/CREB signaling pathway in rats [J]. Toxicol Res, 2020, 9(3): 202-211. 

[67] Liu L, Wang C, Wang H, et al. Identification of the circRNA-miRNA-mRNA network for treating methamphetamine-induced relapse and 

behavioral sensitization with cannabidiol [J]. CNS Neurosci Ther, 2024, 30(5): e14737.  

[68] Karimi-Haghighi S, Haghparast A. Cannabidiol inhibits priming-induced reinstatement of methamphetamine in REM sleep deprived rats [J]. 

Prog Neuro Psychopharmacol Biol Psychiatry, 2018, 82: 307-313. 

[69] Shen B, Zhang R, Yang G, et al. Cannabidiol prevents methamphetamine-induced neurotoxicity by modulating dopamine receptor D1-mediated 

calcium-dependent phosphorylation of methyl-CpG-binding protein 2 [J]. Front Pharmacol, 2022, 13: 972828.  

[70] Shen B, Zhang D, Zeng X, et al. Cannabidiol inhibits methamphetamine-induced dopamine release via modulation of the DRD1-MeCP2-

BDNF-TrkB signaling pathway [J]. Psychopharmacology, 2022, 239(5): 1521-1537. 

[71] Majdi F, Taheri F, Salehi P, et al. Cannabinoids Δ9 -tetrahydrocannabinol and cannabidiol may be effective against methamphetamine induced 

mitochondrial dysfunction and inflammation by modulation of Toll-like type-4(Toll-like 4) receptors and NF-κB signaling [J]. Med 

Hypotheses, 2019, 133: 109371. 

[72] Zeng R, Pu H Y, Zhang X Y, et al. Methamphetamine: mechanism of action and Chinese herbal medicine treatment for its addictio n [J]. Chin 

J Integr Med, 2023, 29(7): 665-672. 

[73] Gústafsson B J, Puljević C, Davies E L, et al. Sweating for sobriety: exploring the relationship between exercise engagement and substance 

use disorders [J]. J Psychoactive Drugs, 2025, 57(2): 223-233. 

[74] Zeng Z H, Zhang L X, Li M Q, et al. N-acetyltransferase 10 in the nucleus accumbens participates in methamphetamine-induced conditioned 

place preference and hyperlocomotion in mice [J]. Neurochem Int, 2025, 188: 106017.  

[75] Smolarz M, Dębiec M, Zając G, et al. Protective impact of physical exercise on methamphetamine-induced neuroinflammation and 

neurogenesis impairment depends on the activity level [J]. Brain Behav Immun, 2025, 129: 373 -387. 

[76] Qi X, Wang Y, Lu Y, et al. Enhanced brain network flexibility by physical exercise in  female methamphetamine users [J]. Cogn Neurodyn, 

2024, 18(6): 3209-3225. 

[77] Park M, Levine H, Toborek M. Exercise protects against methamphetamine-induced aberrant neurogenesis [J]. Sci Rep, 2016, 6: 34111. 

[78] Re G F, Li H, Yang J Q, et al. Exercise modulates central and peripheral inflammatory responses and ameliorates methamphetamine-induced 

anxiety-like symptoms in mice [J]. Front Mol Neurosci, 2022, 15: 955799.  



8 中国比较医学杂志 

 

[79] He M, Wang L, Xu D, et al. Long-term high-intensity interval training intervention improves emotional conflict control in association with 

right ventrolateral prefrontal activation in males with methamphetamine use disorder: a randomized controlled trial [J]. Scan dinavian Med Sci 

Sports, 2024, 34(12): e70006. 

[80] Zhai X, Jin J, Zhu T, et al. Effects of acute aerobic exercise on emotional memory formation in individuals with methamphetamine use disorder: 

Encoding vs consolidation [J]. Psychol Sport Exerc, 2025, 79: 102842.  

[81] Li Y, Re G F, Zhao Y, et al. Long-term exercise at different intensities can reduce the inflammatory response in the brains of methamphetamine-

treated mice [J]. Biochem Biophys Res Commun, 2022, 613: 201-206. 

[82] Ahmadpour M, Modaberi S, Haghparast A, et al. Forced wheel running pre-conditioning diminishes reward learning induced by 

methamphetamine: Involvement of orexin 1 receptor in the hippocampus [J]. Physiol Behav, 2025, 295: 114892.  

[83] Taheri P, Keshavarzi S, Ebadi M, et al. Neuroprotective effects of forced exercise and bupropion on chronic methamphetamine -induced 

cognitive impairment via modulation of cAMP response element-binding protein/brain-derived neurotrophic factor signaling pathway, 

oxidative stress, and inflammatory biomarkers in rats [J]. Adv Biomed Res, 2018, 7: 151.  

[84] Chen L, Ru Q, Xiong Q, et al. Potential effects of Nrf2 in exercise intervention of neurotoxicity caused by methamphetamine o xidative stress 

[J]. Oxid Med Cell Longev, 2022, 2022: 4445734. 

[85] Huang Q, Xu J, Zhang X, et al. Brain transcriptome analysis reveals exercise improves methamphetamine -induced impairments in mouse 

learning and memory abilities [J]. Addict Biol, 2025, 30(8): e70077.  

[86] Zheng T, Xu J, Li X, et al. Metabolomics changes after exercise intervention reveal potential peripheral biomarkers in repeated 

methamphetamine exposure [J]. Physiol Behav, 2025, 297: 114944.  

[87] Zhu R, Tian Y, Jiang L, et al. Distinct electroencephalogram microstate in patients with methamphetamine use disorder and  obsessive-

compulsive disorder [J]. J Affect Disord, 2026, 393: 120392. 

[88] Richards J R, Pace B D, Lynch A C, et al. Dual-target theta burst rTMS for the treatment of methamphetamine use disorder: an open -label pilot 

clinical trial [J]. Brain Stimul, 2025, 18(6): 1952-1954. 

[89] Wu X Q, Zan G Y, Ju Y Y, et al. Low-frequency repetitive transcranial magnetic stimulation inhibits the development of methamphetamine -

induced conditioned place preference [J]. Behav Brain Res, 2018, 353: 129-136. 

[90] Zhang L, Cao X, Liang Q, et al. High-frequency repetitive transcranial magnetic stimulation of the left dorsolateral prefrontal cortex restores 

attention bias to negative information in methamphetamine addicts [J]. Psychiatry Res, 2018, 265: 151 -160. 

[91] Wang L J, Mu L L, Ren Z X, et al. Predictive role of executive function in the efficacy of intermittent theta burst transcranial magnetic 

stimulation modalities for treating methamphetamine use disorder-a randomized clinical trial [J]. Front Psychiatry, 2021, 12: 774192.  

[92] Ho T J, Lee C W, Lu Z Y, et al. Effects of electroacupuncture on methamphetamine-induced behavioral changes in mice [J]. Evid Based 

Complementary Altern Med, 2017, 2017: 5642708. 

[93] Kim M S, Fan Y, Lee S M, et al. Role of the central amygdala in acupuncture inh ibition of methamphetamine-induced behaviors in rats [J]. 

Addict Biol, 2021, 26(1): e12862. 

[94] Kim N J, Ryu Y, Lee B H, et al. Acupuncture inhibition of methamphetamine-induced behaviors, dopamine release and hyperthermia in the 

nucleus accumbens: mediation of group II mGluR [J]. Addict Biol, 2019, 24(2): 206-217. 

[95] Zhang J, Hui R, Xu J, et al. Low-frequency electroacupuncture attenuates methamphetamine-induced depressive-like behaviors and cognitive 

impairment via modulating neuroinflammation [J]. Front Neurol,  2025, 16: 1652065. 

[96] Lee J G, Li Y, Kim N J, et al. A synergistic effect of herb and acupuncture on the methamphetamine [J]. Integr Med Res, 2024,  13(3): 101052. 

[97] Zhang X, You C L, Zhang S J, et al. Transcutaneous electrical acupoint stimulation alleviates i nsomnia, negative emotions, and neurotransmitter 

imbalance in methamphetamine withdrawal: a randomized controlled trial [J]. Medicine, 2025, 104(31): e43508.  


